ABSTRACT

The use of ethanol as an additive to gasoline fuel is becoming a common
phenomenon. It helps solve the energy crisis and environmental issues that fossil fuel
has brought about. However, when dissolved in motor oil, ethanol would dilute motor
oil and drastically change its lubrication properties, in the same manner as gasoline
dilution. Since ethanol has higher boiling point than gasoline, it takes longer time to
be cooked away from the oil, causing more severe changes to motor oil properties. In
this work, a new analytical method is presented to study the behaviour of ethanol/oil
system. Seven motor oil formulations provided by Italian group E.n.i. are tested
regarding their performance in resisting ethanol dilution. The tests are conducted in
microcapillaries within which ethanol droplet dissolves in motor oil phase under 40oC
or 60oC. Mathematical model is developed to study the shrinkage kinetics of ethanol
droplets. And, the mass transfer coefficients of ethanol transporting to different oil
formulations are obtained. Similar experiments are conducted on hexadecane and new
and used Shell SAE 5W-30 motor oil to discover the difference between motor oil and
pure hydrocarbon and the difference between new motor oil and used motor oil. It
was found through hexadecane tests and Shell motor oil tests that hydrocarbons with
shorter chain length were less capable of resisting ethanol dilution; old motor oil are

slower in dissolving ethanol than new oil; and, suspected ethanol-soot complex may
form in old motor oil, which might corrode engine parts.
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Chapter 1: Introduction

1.1 Ethanol in fuel

Ever since the early development stage of internal combustion engine, ethanol
has been considered as its fuel or fuel additive. In 1876, Otto Nicolaus designed the
first four-stroke engine, which worked on a mix of gasoline and ethanol[1]. The once
popular Ford Model-T and many other car models back from 1900's to 1920's were
designed to run on ethanol, gasoline, or kerosene, or a combination of them. From
1920's to 1970's, ethanol gradually faded away from fuel market because of the
prohibition of alcohol and the decreased price of gasoline. Starting from late 1970's,
ethanol reappeared in the fuel market due to the following factors.
In 1973, OPEC started an embargo on crude oil which triggered severe oil crisis.
The shortage of crude oil caused the surge of gasoline price. Ethanol was once again
noticed as an alternative fuel. At that time, it was used as gasoline extender to relieve
the shortage of oil. Ethanol blended gasoline was then called gasohol. And the
tradition of blending ethanol in fuel has been conserved ever since.
Another obvious reason for reconsidering ethanol as a fuel additive is the
environmental concern. The fact that the emission of greenhouse gases like carbon
dioxide can result in climate change was discovered nearly 200 years ago[2]. But it
was not until recent years that people really started to worry about it. Since fuel
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ethanol comes from the fermentation of plants, and the carbon dioxide produced by
fuel ethanol origins from the carbon dioxide absorbed by those ethanol producing
plants, it is considered that the burning of these ethanol is carbon neutral. Besides, the
combustion products of ethanol are much cleaner than those of gasoline. Therefore,
blending ethanol into gasoline is considered a way to relieve global warming and
pollution issues.
Also, adding ethanol to gasoline is a way to treat engine knocking. Engine
knocking is caused by irregular burning of gasoline-air mixture. It leads to lower
working efficiency and even damage to engines. Tetra-ethyl lead (TEL) and MTBE
were once very popular and high-performance anti-knocking agents. But because of
the toxicity of lead in TEL and the contamination issue of MTBE to underground
water, these two agents phased out of history successively. It was ethanol that came as
a new generation anti-knocking agent.
In summary, the use of ethanol as gasoline additive is a result of the limited
storage of crude oil, the environmental friendliness of ethanol, the cleanness of
ethanol as anti-knocking agent, and etc. Nowadays, blends of E10 (10% ethanol by
volume) or less are used in more than 20 countries. In US alone, more than 90% of
the gasoline market is occupied by E10[3]. And the trial use of E85 and neat
bio-ethanol fuel demonstrates a growing trend for the use of ethanol in transportation
fuel.
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1.2 Passenger Car Motor Oil

Passenger car motor oil is a kind of lubricant oil that lubricates car engines. It
forms a thin oil film that separates the sliding parts in engines, so as to reduce friction
and enhance sealing. Motor oil circulates around engines. It travels through a oil
cooler and several filters and oil pumps. During the circulation process, motor oil
transfers heat out of the engine and takes soot particles and other contaminants away
from the sliding parts. Also, the base detergents in motor oil helps prevent acid
corrosion.
An entire motor oil formulation is composed of base oil and a package of
functional additives. Without the various additives formulated in motor oil, most of
motor oil's functions would hardly be achieved. The package of additives normally
include dispersants, oxidation inhibitors, viscosity modifiers, pour-point depressants,
antiwear agents, antifoam agents and anticorrosion agents[4].
In a normal formulation, base oil makes up most part of the motor oil. Base oil
can be mineral oil (originated from crude oil), synthetic oil, or a combination of both.
It may include long chain hydrocarbons, aromatics, esters, and others. The base oil,
together with the viscosity modifier, provide viscosity that allows motor oil to stick to
and form oil layers on the surfaces be lubricated. Dispersants, or surfactants, take the
form of reverse micelles to carry away soot particles, so that sludge would not form
on engine parts. Oxidation inhibitors prevent the break down of motor oil under high
temperature. Pour point depressants enhance motor oil's low temperature performance.
Antiwear agents help produce chemisorption to the metal surface, and reduce friction
3

wear. Antifoam agents lower the surface tension to prevent foam formation. And,
anticorrosion agents neutralize organic and mineral acids that would corrode metal
surfaces.

1.3 Passenger Car Engine and Lubrication System

Passenger car engine is a machine that converts the chemical energy of fuel into
mechanical motion that gives the car driving force. It is the heart of a vehicle. Engine
is an integrated system operated under the cooperation of a wide range of subsystems,
while the subsystems are composed of different combinations of engine parts. The
basic engine subsystems/parts include the cylinder, the crankshaft, the sump, engine
valve train and ignition system, engine cooling system, electrical system, fuel system,
and lubrication system.
Cylinder is the core of an engine. Piston can do reciprocal motion freely inside
the cylinder. They two fit together and form a closed space, namely the combustion
chamber. Combustion chamber is the place where combustion of fuel-air mixture
takes place. A connecting rod connects the piston to crankshaft. It can rotate at both
ends to convert the reciprocal motion of piston to the circular motion of the crankshaft.
The crankshaft is in crank shape to make this conversion of motion possible. The
crankshaft outputs the power of an engine. A car engine may have four to eight
cylinders. They all do work on the same crankshaft.
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Engine valve train and ignition system deals with the intake of fuel and air, the
release of exhaust, and the ignition of intaking fuel-air mixture. The amount and ratio
of gasoline and air, the timing of valve opening/closing, and the timing of ignition are
all controlled by this system, which are very crucial to the performance of an engine.
Many high performance engines have four valves on top of each cylinder. Two for
fuel and air intake, and the other two for release of exhaust gas. The opening and
closing of these valves are controlled by camshaft, a rotating shaft with cams on it.
The cams are metal pieces that turn rotary motion into linear motion that opens or
closes the valves. The camshaft rotates at exactly half the speed of the crankshaft.
This insures perfect timing of valve opening/closing. Except for the valves, a spark
plug is also installed on the top of each cylinder. It is a computer controlled device
that ignites the fuel-air mixture at good timing.
The sump, or oil pan, is the bottom part of an engine. It is where motor oil is
store in an engine. In the oil pan, motor oil surrounds and lubricates the crankshaft.
Motor oil also circulates around the engine. It is pumped from the sump, cooled at the
oil cooler, cleaned by the oil filter, and brought through complicated oil paths to
lubricate every moving part in the engine, like the cylinder wall, the piston, the
camshaft, the valves, and etc. The oil filter and oil cooler provide the downstream
engine parts with clear and low-temperature motor oil, so that no soot particle enters
and extra heat could be transferred away by the oil. An oil gauge is placed afterwards
to supervise the healthy operation of motor oil circulation. After circulating the entire
engine, motor oil drizzles down to the oil pan to complete the circulation.
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The lubrication system serves as the maintenance department of an engine.
Motor oil circulates around to reduce friction, improve sealing, reduce heat, bring
away soot particles, so as to protect the engine from wear. The performance of
lubrication system is directly linked to the lifetime of an engine. For example, the
lubrication of cylinder wall is of vital importance. Pressurized motor oil is led through
the inner shell of crankshaft and a pinhole inside the connection rod, reaching to the
cylinder wall. A thin film of motor oil is formed between the piston and cylinder wall.
There is a set of split alloy rings surrounding the piston, which are called piston rings.
These rings not only seal the combustion chamber, but also regulate the oil film, so
that the film would be formed, be in ideal thickness, and not enter the combustion
chamber. When the piston ring or cylinder wall is worn out, the sealing of combustion
chamber would be reduced, and serious consequences would take place. Firstly, the
cylinder may no longer produce good enough power due to the loss of pressure,
causing poor engine performance. Secondly, when the sealing of combustion chamber
is weakened, motor oil down in the sump could enter the cylinder directly through the
bad sealing, which leads to 1) fast motor oil consumption and significantly lower oil
change interval, 2) more soot produced in combustion chamber, 3) poor fuel economy,
4) environmental issue. Apart from wear problem in cylinder, it is fatal to have wear
in other parts of the engine, too. For instance, wear can damage the shafts and
bearings, cascading to a gradual engine failure. Wear can take place in valves and
cause valve failure, which leads to the failure of an engine as well. The fast and
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frequent motion is an obvious challenge to the lifetime of an engine, while the
lubrication system is introduced to make engine lifetime as long as possible.
Wear can be a result of friction, sludge formation, and/or corrosion. Friction is
bad when two sliding surfaces are in direct contact. Motor oil reduces friction
between sliding engine parts by forming a continuous thin oil film that separates them.
Sludge formation is a polymerization process that tend to happen in motor oil. Soot
particles are combustion product due to incomplete burning. Sludge and soot can
agglomerate to form sediments on engine parts, which cause engine wear. Surfactant
additives in motor oil can stabilize sludge and soot, so that they do not agglomerate to
form sludge. The combustion of certain composition in gasoline, such as sulfur, can
form strong acid, which corrode metal parts. Alkaline additives are blended in motor
oil to neutralize the acid. Small amount of water can be carried by surfactant additives
to avoid water-metal contact, while large amount of water contaminants in motor oil
would be a problem that calls for an oil change. Ethanol can cause corrosion as well.
And even worse, ethanol can change the lubrication properties of motor oil. The detail
of ethanol corrosion and ethanol dilution will be discussed in the following chapter.

1.4 Fuel Dilution

Due to the many benefits ethanol blended gasoline may bring about, there is a
growing trend for the use of ethanol in transportation fuel. However, the blending of
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ethanol into gasoline imposes challenges to the design of engines and the design of
motor oil formulations. One of the major problem brought by ethanol is fuel dilution.
Fuels do not always combust completely in car engines. No matter how good
the sealing of a piston is, a small amount of uncombusted fuel, also known as blowby
gasses, can leak out of the combustion chamber. Some gets absorbed by the oil film
on cylinder walls; others enters the crankcase and gets taken up by the motor oil in the
oil pan. When contaminated with fuels, the properties of motor oil would be changed.
This phenomenon is called fuel dilution, and it can be very detrimental to the engine.
First of all, fuel dilution drastically reduces the viscosity of motor oil. A test
conducted by Bong-Ha Song and Yun-Ho Choi[5] showed a 20% decrease of motor oil
viscosity at 5% fuel dilution, and a 35% decrease at 10% fuel dilution, while
Gur'yanov and Yu[6] mentioned that motor oils lost most of their lubrication properties
at 7% fuel dilution. Due to the viscosity decrease, the thickness of oil film would be
reduced, and there can be a higher risk of wear. In addition, fuel dilution decreases the
flash point and fire point of motor oil. Flash point is the lowest temperature at which a
volatile material vaporizes to form ignitable mixture with air. Fire point is the lowest
temperature at which a fuel can continue to burn for more than 5 seconds after
ignition. For motor oils, the fire point is normally 20 to 30 degrees higher than the
flash point. The working temperature of a car engine is between 100℃ and 150℃,
which is lower than the normal flash point range of motor oils. However, the flash
point and fire point of motor oils can be lowered by the contamination of fuel. When
the flash point of motor oil goes below 100℃, it can be considered as hazardous.[7] A
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test by Davor Ljubas, Hrvoje Krpan, and Ivica Matanovic[8] has indicated that the
flash point of two selected motor oil formulations dropped from 225℃ to around 150
℃ with a 5% gasoline dilution, which is still above engine working temperature.
However, at 10% gasoline dilution, the flash point of two formulations decreased to
around 50℃, which is very hazardous.
Since ethanol has a higher boiling point than gasoline, it would be harder to
cook ethanol out of the oil pan. This means ethanol would stay in motor oil longer
than gasoline, causing continuous change to lubrication properties.

1.5 Ethanol Corrosion

Ethanol corrosion is another problem that comes after fuel dilution. As a
component of gasoline fuel, ethanol can be incorporated into motor oil and corrode
engine. A two-year study conducted by FEV has clearly shown adverse effects from
the use of ethanol blended fuel in different car models[9]. The FEV report indicates
that the use of ethanol gasoline would contribute to cylinder leakage, loss of
compression, and wear of valves. Also, the oil analysis detected increased amount of
corroded metal contents from the lubricant oil in the test vehicles. Several reasons
may have caused the accelerated corrosion problem: 1) ethanol easily absorbs water
that can cause corrosion, 2) ethanol dilutes motor oil resulting in lower lubricity; 3)
partial combustion product of ethanol, such as acetic acid causes corrosion; 4) ethanol
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itself causes corrosion. The issue under discussion here is corrosion caused by
ethanol.
Several researcher have studied ethanol corrosion to metal parts. These studies
categorized ethanol corrosion into two types, wet corrosion and dry corrosion. Wet
corrosion happens at high temperature (above ethanol boiling point) and high water
content, especially when water content in the blended fuel is high enough to achieve a
phase separation. The critical content for water to form a separate water-ethanol phase
is around 9.5 vol.%.[10] The water-ethanol phase is an electrolyte that can attack
different metals.[11] But, few countries allow such a high water content in gasoline.
Dry corrosion can occur in car engines. It takes place at low water content and applies
to aluminium alloys, a common material to build car engines. Tests conducted by L.
Krueger[12] studied the characteristics of dry corrosion of aluminium alloys. It is found
that three factors affect the extend of dry corrosion, namely the temperature, the water
content, and the ethanol content. Krueger said that dry corrosion was stronger at 1)
higher temperature (above the boiling point of ethanol), 2) lower water content
( below 0.2 vol.%), and 3) higher ethanol content. Yoo etc[13] also showed that ethanol
would cause dry corrosion to aluminium alloy especially at high temperature and at
high ethanol content. They found that ethanol corrosion is attributed to the formation
of aluminum alkoxide. At higher temperature, the corrosive ability of ethanol
becomes increasingly stronger than the protective ability of the alloy's surface oxide
film. The mechanism of dry corrosion can be expressed in a simple manner[7]:
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6C2 H 5OH + 2 Al → 2(C2 H 5O) 3 Al + 3H 2

(1 − 1)

(C2 H 5O) 3 Al + 3H 2O → Al (OH )3 + 3C2 H 5OH

(1 − 2)

OR
2(C2 H 5O)3 Al → Al2O3 + 6C2 H 4 + 3H 2O

(1 − 3)

1.6 Dissolution

Dissolution is a process by which solute is dissolved in solvent to form a
single-phase homogenius mixture. Dissolution involves the breakdown of solute
crystal lattices, solute molecules, or the attraction forces between solute molecules.
The resulting solute ions or molecules are then transported into the solvent medium to
form a homogenius phase. The solute ions or molecules are stabilized by their
interaction with the solvent species, so that the solution system become stable.
From a thermodynamic point of view, the Gibbs free energy of solvation
(Equation 1-4) governs the extent of the dissolution process.
∆G = ∆H − T∆S

(1 − 4)

When ΔG<0, dissolution takes place spontaneously; when ΔG=0, dissolution is at
equilibrium; when ΔG>0, dissolution can not happen spontaneously. Both enthalpy
change and entropy change contribute to the change of Gibbs free energy of
dissolution. For solid and liquid solute, the entropy change of dissolution is normally
positive, because the diffusion of solute in solvent increases the randomness of the
solution. This is the case with ethanol dissolution in motor oil as well, which can be
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verified by the fact that the increase of temperature favors this dissolution process.
The enthalpy change of dissolution is determined by the heat required to breakdown
the solute-solute interaction and solvent-solvent interaction and the heat required to
form solute-solvent interaction, which vary from case to case. Also, there is also a
popular aphorism of "like dissolves like" that can predict the solubility of different
solute-solvent combinations. For example, the fact that ethanol is easier to dissolve in
shorter chain hydrocarbons than in longer chain hydrocarbons[11] can be explained by
the similarity of molecular structure and polarity between ethanol and shorter chain
hydrocarbons.
From a kinetic point of view, several factors can affect the rate of dissolution:
the nature of the substances involved in the dissolution process, the temperature, the
extend of saturation of the solution, the existence of convection, interfacial contact
area, and the presence of inhibitors. For all the ethanol-in-oil dissolution tests to be
discussed in the following chapters, the temperature was controlled; no ethanol was
present in the motor oil samples before the tests, so they have zero degree of
saturation; the ethanol droplets stayed still in motor oil samples, so that no convection
occurred; and, the initial sizes of ethanol droplets were kept similar, so that they had
similar interfacial area with motor oil samples. Therefore, all other factors that may
affect the dissolution rate were kept fixed, except for the nature of motor oil
formulations.

By

studying

the

dissolution

data,

the

ranking

dissolving/resisting ability of different oil formulations can be obtained.
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of

ethanol

1.7 Ethanol as a solvent

Ethanol has a molecular formular of CH3CH2OH. It is a two-carbon alcohol.
Ethanol is involved in a variety of areas. It can be found in beverages, drugs, and fuel.
It is also an important industrial feedstock and solvent. A lot of ethanol's versatile
characteristics can be explained by the presence of the hydroxyl group and the
shortness of the molecule. The hydroxyl group gives ethanol polarity, while the ethyl
group is a nonpolar group. Therefore, ethanol is miscible with both polar solvents like
water and many non-polar organic solvents. The hydroxyl goup can participate in
hydrogen bonding, making ethanol less volatile than hydrocarbons of similar
molecular weight.
The existence of hydroxyl group and the short chain of ethanol can explain the
solvent/solute properties of ethanol. For example, ethanol is a short molecule, so is
water. Both molecules have hydroxyl groups, which can form hydrogen bonds
between them. The similarity in molecular structure make these two substances
inter-miscible. In contrast, longer-chain alcohols (five or more carbons) have
significantly lower miscibility with water[14], because the structures of these alcohols
(chain length) are not so similar with that of water. For another instance, ethanol is
easier to be dissolved by shorter-chain alkanes than longer-chain alkanes[15], this fact
also supports the rule of like dissolves like.
The table below originates from Gonçalves and Stassen's work[16]. The values of
free energy of solvation are experimental results. According to the data, CS2,
compared with the other four solvents, is much weaker in dissolving ethanol, because
13

it is not polar. Acetonitrile is less polar than water, THF, and DMSO, so, it has the
second worst ethanol dissolving ability. Besides, the cyclic structure of THF is not so
compatible with ethanol as DMSO does, therefore, THF is less ethanol dissolving
than DMSO, although they both have proton accepting lone electron pair on oxygen.

Table 1.1 Experiment value of Gibbs free energy of solvation of ethanol dissolving in different
solvents.

Solvent

ΔGexp ( kcal/mol )

Acetonitrile

-4.43

THF

-4.56

Water

-5.0

DMSO

-5.52

CS2

-2.95

Given the knowledge mentioned above, it is expected that the average chain
length, the overall polarity, the existence of hydroxyl group and proton accepting
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groups, and the presence of dissolution inhibitors are factors that determine the
ethanol dissolving/resisting ability of a solvent.
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Chapter 2: Materials and Methods

2.1 Materials

Anhydrous ethanol, 200 proof, 99.5+%, is purchased from Sigma-Aldrich.
Seven passenger car motor oil samples coded as Sample A, Sample B, Sample C,
Sample D, Sample E, Sample F, and Sample G are provided by E.n.i, Italy. The
detailed composition information of these samples is confidential and unknown.
Commercially available Shell SAE 5W-30 motor oil is purchased from local Shell
store. Used Shell SAE 5W-30 samples is collected from my own vehicle (2005 Toyota
Camry). The sample has a mileage history of 1400 miles running on E10 gasoline.
Hexadecane, anhydrous, 99+%, is purchased from Aldrich. The E.n.i samples, new
and used Shell samples, and hexadecane are all tested regarding their ethanol dilution
performance. All motor oil samples, hexadecane, and anhydrous ethanol are stored in
vials for experimental use.
ITO ( Indium Tin Oxide ) is purchased from Chemat Technology. Anhydrous
toluene, 99.8%, is purchased from Sigma. ITO and Toluene are 1:3 mixed, and place
in oven over night at 60oC. The ITO-Toluene mixture are prepared for coating
microcapillaries.
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Siliclad (20% oxtadecyl functional silane in mixed alcohols) is purchased from
Gelest. It is 1:100 diluted by deionized water. The diluted Siliclad solution is prepared
for hydrophobicity treatment.
Microcapillaries (1.5-1.8×100mm) are purchased from Pyrex. Each capillary is
pulled with a micropipette puller (Narishige, PB-7), so that its middle part becomes
thinner (with an inner diameter around 200μm). The dissolution experiments would
take place inside the middle part of the microcapillary. After being pulled, the
microcapillaries are dipped in ITO-toluene solution and then ovened at 450oC for 4
hours to let a thin layer of transparent ITO coating form on the outside surface of the
capillary. This coating, after charged with electricity, provides the temperature needed
for the experiments. The dipping and heating process is repeated several times until
the electrical conductivity of the ITO coating is good enough (below 1 MΩ). The
resistance of the microcapillaries is directly measured with a multimeter. The next
step is to make the internal surface of the capillary hydrophobic, so that the ethanol
droplets do not stick onto the glass surface. This is achieved by washing the
microcapillary inner surface with siliclad solution before ovening the microcapillaries
at 60oC overnight. After pulling, ITO treatment, and siliclad treatment, the
microcapillaries are ready for experimental use.
Disposable pipettes (30μl, 78mm) are purchased from Drummond Scientific
Company. The disposable pipettes are pulled by the micropipette puller (Narishige,
PB-7) to form a very thin middle part, which becomes the tip of the micropipette after
being cut. The tip of the micropipette is thin enough to enter the middle part of a
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microcapillary to complete the injection task. Also, the outside surface of the
micropipette needs to be treated with siliclad. This is to eliminate affiliation between
ethanol droplet and the tip of the micropipette.

2.2 Experiment setup

The ethanol dilution test of passenger car motor oil and hexadecane is
conducted within the confine of the microcapillary (Figure 2.1). As was mentioned in
Chapter 2.1, microcapilary is a thin glass tube with an inner diameter of around 200
μm

in

its

middle

part.

The

microcapillary

is

coated

with

transparent

electricity-conducting layer on the outside surface, and made to be hydrophobic on
the inside surface. Motor oil sample is fully loaded inside the microcapillary. A small
pure ethanol droplet with a radius around 55 μm is injected into the motor oil phase
(or hexadecane phase) inside the middle part of the microcapillary. The droplet
shrinks as it dissolves in motor oil. The whole process is observed by a microscope
and recorded by a high-speed camera.
To start a test, the first step is to fill a microcapillary with oil sample, and to fill
a micropipette with pure ethanol. The filled microcapillary is then horizontally fixed
on a plastic microcapillary holder (Fig. 2.1), which is fixed on the stage of a
microscope

(Olympus

IMT-2,

Japan).

A

thermocouple

(300-B-200-04-K,

Microminiature Thermocouple Probes, Paul Beckman company) fixed on the
microcapillary holder can be thrusted into the middle part of the microcapillary and
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measure the temperature of the experiment area. Two copper foils connects both ends
of the microcapillary to a voltage transformer (Staco Energy Products), so that the
ITO coating can get electricity and heat up the microcapillary. The tests are conducted
under two temperatures: 40oC and 60oC. During an experiment, temperature may
decrease at times. By adjusting the voltage, the temperature in the microcapillary can
be controlled.

Figure 2.1 Microcapillary and plastic holder.
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To inject an ethanol droplet in the motor oil phase, the ethanol containing
micropipette needs to be thrusted into the motor oil containing microcapillary. Before
that, the micropipette is connected to a microinjector (Narishige, IM-200), which
precisely controls the pressure exerted on the ethanol phase inside the micropipette.
By carefully increasing or decreasing the pressure, ethanol is either pushed out of or
drawn back to the micropipette. Thus, the initial size of ethanol droplet can be
controlled. A 210 frame-per-second camera (Imperx, IPX-VGA-210-L) is booted on
the microscope to monitor and record the experiment process. An image processing
software (XCAP-std V3.0, EPIX) is introduced to display live images captured by the
camera on computer screen and to analyze the recorded images after the experiment.
The entire experiment setup is schematically shown below (Figure 2.2).
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Figure 2.2 Schematic illustration of experiment setup.
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Chapter 3: Experiments

3.1 Shrinkage Performance of Ethanol Droplets in E.n.i. Motor Oil Samples

The objective of this study is to analyze the shrinkage kinetics of ethanol
droplets in different motor oil samples, so as to get ethanol dilution information on
these oil samples. In this study, seven passenger car motor oil formulations (Sample A,
Sample B, Sample C, Sample D, Sample E, Sample F, Sample G) are tested under the
experimental setup mentioned above. Each oil sample is tested under 40oC and 60 oC
respectively. The initial radius of ethanol droplet is controlled at 55 ± 5 μm. The
shrinkage processes are recorded as sequenced frames at the rate of one frame per
second. Each frame is labeled with a stamp showing its sequence number and the time
at which it is taken. The frame sequence can be converted to video file for reviewing
purposes. An image processing software (XCAP-std V3.0, EPIX) is capable of
measuring the radius of ethanol droplet in the recorded frames, which makes the
plotting of ethanol droplet shrinkage curve possible. To make the shrinkage curves
smooth, radius measurement is taken every one hundred seconds for 40oC tests; while
for faster 60oC tests, radius measurement is taken every twenty-five seconds.
It is difficult to make sure that each dilution test is carried out under the same
perfect conditions, for several factors may affect the accuracy of a test, and these
factors are hard to control. Experiment results showed that the shrinkage duration of
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ethanol droplets of the same size in the same motor oil sample can be noticeably
different. In order to make the shrinkage curves as accurate as possible, it is necessary
to conduct multiple tests on every oil sample. By reviewing the experiment videos,
the least affected tests can be selected.
To select the most accurate test, the first thing to do is to define what makes an
accurate test, or what factors may make a test inaccurate. As discussed in previous
chapter, the rate of dissolution is governed by 1) the nature of the substances involved
in the dissolution process, 2) the temperature, 3) the extend of saturation, 4) the
existence of convection, 5) interfacial contact area, and 6) the presence of inhibitors.
On one hand, Factor 1, 2, and 6 do not bring errors to the dilution test. Firstly, the
nature of ethanol and motor oil samples does not vary from test to test. Secondly, the
presence of dissolution inhibitors can come only from the motor oil formulations,
therefore, the possible presence of inhibitors can be considered as a part of the nature
of motor oil formulations, which is also unchangeable. Thirdly, experiment
temperature is held fixed at 40oC or 60oC in all tests, if the minor temperature
fluctuations are neglected. On the other hand, Factor 3, 4, and 5 are likely to interfere
with the accuracy of the tests. First, when more than one droplet is injected in a
capillary, the degree of saturation increases, which slows down the dissolution process.
(multiple droplets in the same capillary) Second, the ethanol droplet may start moving
around at some time in a test, making the shrinkage much faster. (droplet motion)
Third, some droplets have a initial radius that is beyond the range of 55±5 μm. This
makes the dissolution either faster or slower. (initial size too big or too small)
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Figure 3.1.1 Ethanol cloud.

Figure 3.1.2 Injection failure.
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Figure 3.1.3 Coalescence. a) Two droplets are staying close together. b) Coalescence takes place
one second later.
a)

b)
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Except for the three factors that may make a test inaccurate, four factors can fail
a test by terminating the test before the completion of the shrinkage process. These
factors are: 1) injection failure (Figure 3.1.2), meaning several droplets are injected in
a roll; 2) coalescence (Figure 3.1.3), meaning two or droplets coalesced; 3) ethanol
cloud (Figure 3.1.1), meaning reprecipitated tiny ethanol droplets form a cloud that
swallow the main ethanol droplet; 4) video not completed, meaning some of my early
tests were not recorded to the end (total dissolution). The table and figures (Table 3.1,
Figure 3.1.4, and Figure 3.1.5) summarizes the numbers of tests I conducted and the
distribution of reasons that affected or failed the tests.

Table 3.1 Summary of the number of tests conducted for each test set.

Test set

Total number of
tests

Number failed

Number

Number

inaccurate

perfect

Sample B_40℃

16

5

10

1

Sample A_40℃

11

5

5

1

Sample C_40℃

4

1

1

2

Sample D_40℃

11

5

5

1

Sample E_40℃

5

2

2

1

Sample F_40℃

7

2

4

1

Sample G_40℃

10

5

4

1

Sample B_60℃

4

0

3

1

Sample A_60℃

4

0

3

1

Sample C_60℃

3

0

2

1
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Sample D_60℃

5

1

3

1

Sample E_60℃

4

1

2

1

Sample F_60℃

4

1

2

1

Sample G_60℃

4

1

2

1

Total

92

29

48

15

Figure 3.1.4 Summary of factors that caused test failure.

Figure 3.1.5 Summary of factors that made tests inaccurate.
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3.2 Shrinkage Performance of Ethanol Droplets in Hexadecane
Apart from testing commercial motor oils, it is also beneficial to see what
happens in simpler formulations, of which the composition is known. Hexadecane is
selected to be tested for this purpose. In commercial motor oils, many kinds of
additives are blended, while pure hexadecane blanks out the influences of those
additives on ethanol dissolution.
For hexadecane tests, the same heating capillary technique is used: tests are
conducted at 40oC and 60 oC with heating capillary microscopy technique; radius
measurement is taken every one hundred seconds for 40oC tests and every twenty-five
seconds for 60oC tests. Also, the same criteria for determining experiment accuracy is
used. Three best tests are selected to plot the shrinkage curve of each test set. The data
is averaged and shown in the form of error bar plots.

3.3 Shrinkage Performance of Ethanol Droplets in New and Used Shell SAE
5W-30 Motor Oil Samples
This study aims to learn the differences between new and used motor oil in
resisting ethanol dilution. A lot can happen to change the properties of motor oil when
the motor oil is being used. Gasoline, ethanol and soot particles can enter, suspend, or
dissolve in motor oil; the high working temperature can alter the composition of
motor oil; and many other unpredicted changes can take place as well. Since the
properties of motor oil do not remain the same during working cycles, it is important
to see how ethanol shrinkage performances of the same oil sample differ before and
after being used.
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The samples are Shell SAE 5W-30 Motor Oil, and the same oil running for
1400 miles on E10 gasoline. The same study method as the E.n.i. experiments is used:
tests are conducted at 40oC and 60 oC with heating capillary microscopy technique;
radius measurement is taken every one hundred seconds for 40oC tests and every
twenty-five seconds for 60oC tests. Also, the same criteria for determining experiment
accuracy is used. Three best tests are selected to plot the shrinkage curve of each test
set. The data is averaged and shown in the form of error bar plots.
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Chapter 4: Discussion
In previous chapters, the background of ethanol dilution experiment, the
methods, the results and the screening of data has been discussed. Since the primary
aim of this study is to develop a new protocol that can rank motor oil formulations
regarding their compatibility with ethanol, this chapter focuses on the interpretation of
the data obtained. Although it is easy to just link the ethanol dilution resistance
performance of an oil sample to the shrinkage duration or the slope of its ethanol
dissolution curve, the best way to analyze the experiment results is to come out with a
mathematical model that describes the curves and evaluates that ethanol dissolving
ability of the oil samples

4.1 E.n.i motor oil tests
4.1.1 Experiment results

We define all tests conducted on the same oil sample under the same
temperature as a set of tests, or a test set. It is known from Table 3.1 that 6.6 tests on
average had been done for each test set. As a standardized format, three tests are
selected for plotting from each test set. And, one set of tests is not completed until one
accurate test ( test with neither failure nor severe interfering errors ) is achieved
and/or three completed tests have been conducted. The selections are made via
watching experiment videos:
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the three tests with slightest interfering factors are selected. Besides, the plottings are
made normalized: normalized radius with regard to the change of time. The plotted
shrinkage curves and relevant analysis are shown as follows.

1) Sample A

Figure 4.1.1 Normalized Shrinkage curve for ethanol droplet in Sample A at 40oC. Test 1 is
selected as the best test for Sample A_40oC test set. Test 2 and 3 are not accurate due to droplet
motion and multiple droplets in same capillary.
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Table 4.1.1 Test details and data selection for Sample A_40oC test set.

Test

Note

Duration

Category

Sample A_40oCa

Initial size too big or too small

800 s

Not accurate

Sample A_40oCb

Video Failed

Failed

Sample A_40oCc

Video Failed

Failed

Sample A_40oCd

Initial size too big or too small

Sample A_40oCe

600 s

Not accurate

1783 s

Best

Sample A_40oCf

Coalescence

Sample A_40oCg

Multiple droplets in same capillary

Sample A_40oCh

Injection failure

Failed

Sample A_40oCi

Injection failure

Failed

Sample A_40oCj

Sample A_40oCk

Plot Number

Plotted, Test 1

Failed

Droplet motion
Multiple droplets in same capillary
Droplet motion
Multiple droplets in same capillary
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2236 s

Not accurate

1140 s

Not accurate

Plotted, Test 2

1940 s

Not accurate

Plotted, Test 3

Figure 4.1.2 Normalized Shrinkage curve for ethanol droplet in Sample A at 60oC. Test 3 is
selected as the best test for Sample A_60oC test set. Test 1 and 2 are not accurate due to bad initial
droplet size.

Table 4.1.2 Test details and data selection for Sample A_60oC test set.

Test

Note

Duration

Category

Plot Number

Sample A_60oCa

Initial size too big or too small

240 s

Not accurate

Plotted, Test 1

Sample A_60oCb

Initial size too big or too small

310 s

Not accurate

Plotted, Test 2

Sample A_60oCc

Initial size too big or too small

420 s

Not accurate

370 s

Best

Sample A_60oCd
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Plotted, Test 3

2 ) Sample B

Figure 4.1.3 Normalized Shrinkage curve for ethanol droplet in Sample B at 40oC. Test 2 is
selected as the best test for Sample A_40oC test set. Test 1 is not accurate due to bad initial droplet
size, and Test 3 is not accurate due to droplet multiple droplets in same capillary.

Table 4.1.3 Test details and data selection for Sample B_40oC test set.

Test

Note

Duration

Type

Sample B_40oCa

Initial size too big or too small

135 s

Not accurate

Sample B_40oCb

coalescence

Failed
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Plot Number

Sample B_40oCc

Initial size too big or too small

Sample B_40oCd

coalescence

Failed

Sample B_40oCe

Ethanol Cloud

Failed

Sample B_40oCf

515 s

Injection failure,

Not accurate

Failed

Initial size too big or too small

Sample B_40oCg

Multiple droplets in same capillary

5323 s

Not accurate

Sample B_40oCh

Initial size too big or too small

810 s

Not accurate

Sample B_40oCi

Ethanol Cloud

Sample B_40oCj

Initial size too big or too small

3170 s

Not accurate

Sample B_40oCk

Initial size too big or too small

3800 s

Not accurate

2693 s

Not accurate

980 s

Not accurate

5938 s

Not accurate

2300 s

Best

Plotted, Test 2

3130 s

Not accurate

Plotted, Test 3

Sample B_40oCl

Failed

Multiple droplets in same capillary
Droplet motion

Plotted, Test 1

Multiple droplets in same capillary
o

Sample B_40 Cm

Droplet motion
Initial size too big or too small

Sample B_40oCn

Multiple droplets in same capillary

Sample B_40oCo

Sample B_40oCp

Multiple droplets in same capillary
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Figure 4.1.4 Normalized Shrinkage curve for ethanol droplet in Sample B at 60oC. Test 1 is
selected as the best test for Sample B_60oC test set. Test 2 is not accurate due to bad initial droplet
size, and Test 3 is not accurate due to droplet motion.

Table 4.1.4 Test details and data selection for Sample B_60oC test set.

Test

Sample B_60℃a

Note
Initial size too big or too small
Droplet motion

Sample B_60℃b

Duration

Category

Plot Number

135 s

Not accurate

934 s

Best

Plotted, Test 1

Sample B_60℃c

Initial size too big or too small

618 s

Not accurate

Plotted, Test 2

Sample B_60℃d

Droplet motion

440 s

Not accurate

Plotted, Test 3
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3) Sample C

Figure 4.1.5 Normalized Shrinkage curve for ethanol droplet in Sample C at 40oC. Test 3 is
selected as the best test for Sample C_40oC test set. Test 1 is also accurate, having the same
dissolution duration with Test 3. Test 2 is not accurate due to bad initial droplet size and multiple
droplets in the same capillary.

Table 4.1.5 Test details and data selection for Sample C_40oC test set.

Test

Note

Sample C_40oCa

Sample C_40oCb

Sample C_40oCc

Initial size too big or too small
Multiple droplets in same capillary

Duration

Category

Plot Number

560 s

Good

Plotted, Test 1

1800 s

Not accurate

Plotted, Test 2

Coalescence

Failed

Sample C_40oCd

600 s
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Best

Plotted, Test 3

Figure 4.1.6 Normalized Shrinkage curve for ethanol droplet in Sample C at 60oC. Test 3 is
selected as the best test for Sample C_60oC test set. Test 1 and 2 are not accurate due to bad initial
droplet size.

Table 4.1.6 Test details and data selection for Sample C_60oC test set.

Test

Note

Duration

Category

Plot Number

Sample C_60oCa

Initial size too big or too small

220 s

Not accurate

Plotted, Test 1

Sample C_60oCb

Initial size too big or too small

100 s

Not accurate

Plotted, Test 2

250 s

Best

Plotted, Test 3

Sample C_60oCc
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4) Sample D

Figure 4.1.7 Normalized Shrinkage curve for ethanol droplet in Sample D at 40oC. Test 3 is
selected as the best test for Sample D_40oC test set. Test 1 is not accurate due to multiple droplets
in same capillary, and Test 2 is not accurate due to multiple droplets in same capillary and droplet
motion.
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Table 4.1.7 Test details and data selection for Sample D_40oC test set.

Test

Note

Duration

Category

Sample D_40oCa

Multiple droplets in same capillary

3060 s

Not accurate

1800 s

Not accurate

Sample D_40oCb

Multiple droplets in same capillary
Droplet motion

Sample D_40oCc

Ethanol Cloud

Failed

Sample D_40oCd

Injection failure

Failed

Sample D_40oCe

Droplet Motion

Sample D_40oCf

Injection failure

Sample D_40oCg

Initial size too big or too small

Sample D_40oCh

Injection failure

Sample D_40oCi

Multiple droplets in same capillary

Sample D_40oCj

Injection failure

400 s

Not accurate

Plot Number

Plotted, Test 1

Failed

1400 s

Not accurate

Plotted, Test 2

Failed

2000 s

Not accurate

Failed

Sample D_40oCk

1917 s

40

Best

Plotted, Test 3

Figure 4.1.8 Normalized Shrinkage curve for ethanol droplet in Sample D at 60oC. Test 3 is
selected as the best test for Sample D_40oC test set. Test 1 is not accurate due to multiple droplets
in same capillary, and Test 2 is not accurate due to multiple droplets in same capillary and droplet
motion.

Table 4.1.8 Test details and data selection for Sample D_60oC test set.

Test

Note

Duration

Category

Plot Number

Sample D_60oCa

Droplet motion

450 s

Not accurate

Plotted, Test 1

Sample D_60oCb

Droplet motion

100 s

Not accurate

Plotted, Test 2

130 s

Not accurate

Sample D_60oCc
Sample D_60oCd

Initial size too big or too small
Droplet motion
Injection failure

Failed

Sample D_60oCe

800 s

41

Best

Plotted, Test 3

5) Sample E

Figure 4.1.9 Normalized Shrinkage curve for ethanol droplet in Sample E at 40oC. Test 1 is
selected as the best test for Sample E_40oC test set. Test 2 is not accurate due to droplet motion,
and Test 3 is not accurate due to multiple droplets in same capillary.

Table 4.1.9 Test details and data selection for Sample E_40oC test set.

Test

Note

Sample E_40oCa

Duration

Category

Plot Number

1120 s

Best

Plotted, Test 1

380 s

Not accurate

Plotted, Test 2

Sample E_40oCb

Droplet motion

Sample E_40oCc

Injection failure

Failed

Sample E_40oCd

Injection failure

Failed

Sample E_40oCe

Multiple droplets in same capillary

42

1360 s

Not accurate

Plotted, Test 3

Figure 4.1.10 Normalized Shrinkage curve for ethanol droplet in Sample E at 60oC. Test 2 is
selected as the best test for Sample E_60oC test set. Test 1 is not accurate due to bad initial droplet
size, and Test 3 is not accurate due to multiple droplets in same capillary.

Table 4.1.10 Test details and data selection for Sample E_60oC test set.

Test

Note

Sample E_60oCa

Injection failure

Sample E_60oCb

Initial size too big or too small

Duration

Plot Number

Failed

Sample E_60oCc

Sample E_60oCd

Category

Multiple droplets in the same capillary
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190 s

Not accurate

Plotted, Test 1

210 s

Best

Plotted, Test 2

278 s

Not accurate

Plotted, Test 3

6) Sample F

Figure 4.1.11 Normalized Shrinkage curve for ethanol droplet in Sample F at 40oC. Test 3 is
selected as the best test for Sample F_40oC test set. Test 1 is not accurate due to multiple droplets
in same capillary and droplet motion, and Test 2 is not accurate due to droplet motion.

Table 4.1.11 Test details and data selection for Sample F_40oC test set.

Test

Sample F_40oCa

Note

Multiple droplets in same capillary
Droplet motion

Duration

Category

Plot Number

540 s

Not accurate

Plotted, Test 1

Sample F_40oCb

Droplet motion

240 s

Not accurate

Sample F_40oCc

Initial size too big or too small

380 s

Not accurate

Sample F_40oCd

Injection failure

Failed

Sample F_40oCe

Injection failure

Failed

Sample F_40oCf

Droplet motion

Sample F_40oCg
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380 s

Not accurate

Plotted, Test 2

700 s

Best

Plotted, Test 3

Figure 4.1.12 Normalized Shrinkage curve for ethanol droplet in Sample F at 60oC. Test 3 is
selected as the best test for Sample F_60oC test set. Test 1 is not accurate due to multiple droplets
in same capillary, and Test 2 is not accurate due to bad initial droplet size.

Table 4.1.12 Test details and data selection for Sample F_60oC test set.

Test

Note

Duration

Category

Plot Number

Sample F_60oCa

Injection failure

Sample F_60oCb

Multiple droplets in the same capillary

610 s

Not accurate

Plotted, Test 1

Sample F_60oCc

Initial size too big or too small

250 s

Not accurate

Plotted, Test 2

350 s

Best

Plotted, Test 3

Failed

Sample F_60oCd
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7) Sample G

Figure 4.1.13 Normalized Shrinkage curve for ethanol droplet in Sample G at 40oC. Test 1 is
selected as the best test for Sample G_40oC test set. Test 2 is not accurate due to bad initial droplet
size and droplet motion, and Test 3 is not accurate due to bad initial droplet size.

Table 4.1.13 Test details and data selection for Sample G_40oC test set.
Test

Note

Sample G_40oCa

Injection failure

Sample G_40oCb

Sample G_40oCc

Duration

Sample G_40oCf

Plot Number

Failed

Multiple droplets in same capillary
Droplet motion

1200 s

Injection failure

Not accurate

Failed

Sample G_40oCd

Sample G_40oCe

Category

Initial size too big or too small,
Droplet motion
Injection failure

1100 s

Best

Plotted, Test 1

340 s

Not accurate

Plotted, Test 2

Failed
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Sample G_40oCg

Multiple droplets in same capillary

Sample G_40oCh

Injection failure

Failed

Sample G_40oCi

Injection failure

Failed

Sample G_40oCj

Initial size too big or too small

2230 s

340 s

Not accurate

Not accurate

Plotted, Test 3

Figure 4.1.14 Normalized Shrinkage curve for ethanol droplet in Sample G at 60oC. Test 3 is
selected as the best test for Sample G_60oC test set. Test 1 is not accurate due to bad initial droplet
size, and Test 2 is not accurate due to bad initial droplet size and multiple droplets in same
capillary.

Table 4.1.14 Test details and data selection for Sample G_60oC test set.

Test

Note

Duration

Category

Plot Number

Sample G_60oCa

Initial size too big or too small

125 s

Not accurate

Plotted, Test 1

Sample G_60oCb

Injection failure

Sample G_60oCc

Failed

Multiple droplets in the same capillary
Initial size too big or too small

Sample G_60oCd
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175 s

Not accurate

Plotted, Test 2

175 s

Best

Plotted, Test 3

4.1.2 Summary of results

The two plots below summarizes the dissolution curves of the one best test in
each set of tests. The plots are also non-dimensionalized. For 40oC tests, the
dissolution durations range from 600s to 2300s, with an average of 1343s. For 60oC
tests, the durations range from 175s to 850s, with an average of 439s. The average
radius of droplet initial radius is 56.6μm. A table is given afterwards to show some
details of these best tests.

Figure 4.1.15 Dissolution of ethanol droplets in different oil sample at 40oC.
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Figure 4.1.16 Dissolution of ethanol droplets in different oil sample at 60oC.

49

Table 4.1.15 Test details for all test set.

Test

Temperature/oC

Sample A, 40oC, Test1

40

56

1800

Sample A, 60oC, Test 2

60

57

425

Sample B, 40oC, Test 2

40

53

2300

Sample B, 60oC, Test 1

60

59

850

Sample C, 40oC, Test 3

40

58

600

Sample C, 60oC, Test 3

60

55

250

Sample D, 40oC, Test 3

40

59

1900

Sample D, 60oC, Test 1

60

60

800

Sample E, 40oC, Test 1

40

58

1000

Sample E, 60oC, Test 2

60

54

225

Sample F, 40oC, Test 3

40

51

700

Sample F, 60oC, Test 1

60

55

350

Sample G, 40oC, Test 1

40

58

1100

Sample G, 60oC, Test 1

60

60

175

Initial radius/μm
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Duration/s

4.1.3 Linear fitting of the dissolution curves

It is not difficult to note that all the dissolution curves plotted are approximately
linear, especially in the middle parts of the curves. This can be explained by the fact
that most droplets, after being injected, would walk around slowly for some time
before finally reaching to a steady position. Therefore, the dissolution rate at this
period tend to be higher than that during the rest of the test. Also, the dissolution at
very small droplet radius would be faster. The following figures show the linear fitting
of the selected dissolution curves:

Figure 4.1.17 Linear fitting for Sample A_40oC, Test 1.
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Figure 4.1.18 Linear fitting for Sample A_60oC, Test 1.

Figure 4.1.19 Linear fitting for Sample B_40oC, Test 2.
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Figure 4.1.20 Linear fitting for Sample B_60oC, Test 2.

Figure 4.1.21 Linear fitting for Sample C_40oC, Test 3.
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Figure 4.1.22 Linear fitting for Sample C_60oC, Test 3.

Figure 4.1.23 Linear fitting for Sample D_40oC, Test 3.
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Figure 4.1.24 Linear fitting for Sample D_60oC, Test 3.

Figure 4.1.25 Linear fitting for Sample E_40oC, Test 1.
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Figure 4.1.26 Linear fitting for Sample E_60oC, Test 1.

Figure 4.1.27 Linear fitting for Sample F_40oC, Test 3.
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Figure 4.1.28 Linear fitting for Sample F_60oC, Test 3.

Figure 4.1.29 Linear fitting for Sample G_40oC, Test 1.
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Figure 4.1.30 Linear fitting for Sample G_60oC, Test 1.

The following tables demonstrates the results of the linear fitting, giving values
of the approximate slope of the curves and the standard error of the fitting. The results
are show in the sequence from sharper slopes to flatter slopes.
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Table 4.1.16 Fitting results for all 40oC tests.

Ethanol Test, 40oC
Equation

y = a + b*x
Slope

R2

Sample C

-0.0925

0.99390

Sample F

-0.0711

0.98299

Sample E

-0.0528

0.95158

Sample G

-0.0445

0.95762

Sample A

-0.0269

0.98251

Sample D

-0.0265

0.98576

Sample B

-0.0164

0.91621

Table 4.1.17 Fitting results for all 60oC tests.

Ethanol Test,
Equation

60℃
y = a + b*x
2

Slope

R

Sample G

-0.3181

0.98103

Sample E

-0.2364

0.98832

Sample C

-0.1982

0.98518

Sample F

-0.1394

0.92795

Sample A

-0.1219

0.95329

Sample D

-0.0665

0.98414

Sample B

-0.0568

0.97069
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4.1.4 Derivation of mass transfer coefficient

In the following derivation, these notations are mentioned:
r: the radius of ethanol droplet, [μm];
t: time, [s];
A: the surface area of ethanol droplet, [μm2];
V: the volume of ethanol droplet, [μm3];
N: mass flux, [mol∙μm-2∙s-1];

ρ : molar density of ethanol, [mol∙μm-3];
k: mass transfer coefficient, [μm∙s-1];
C: concentration, [mol∙μm-3];
Cs: concentration of pure ethanol.

Given the fact that the dissolution plots can be viewed approximately as linear
curves, it can be inferred that the radius change over time is a constant, which means:

dr
= const.
dt
Since volume and surface area of a spherical droplet can be expressed as:

A = 4πr 2
4
V = πr 3
3
We get:
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( 4-1 )

( 4-2 )

dV 4
dr
dr
dr
= π ⋅ 3r 2
= 4πr 2
= A = A ⋅ slope
dt 3
dt
dt
dt

( 4-3 )

And the mass flux of ethanol transporting from the droplet to the motor oil
phase is:

N=

ρ ⋅dV
dr
=ρ
= ρ ⋅ slope
A ⋅ dt
dt

( 4-4 )

Because the mass flux equals the product of mass transfer coefficient and
concentration gradient:

N = −k ⋅ ∆C

( 4-5 )

So:

k =−

ρ dr
⋅
∆C dt

( 4-6 )

Since the dissolved ethanol is diffused to a much larger volume than that of the
droplet, assume the concentration gradient equals the concentration of pure ethanol,
which equals the molar density of ethanol:

∆C ≈ Cs = ρ

( 4-7 )

So the radius change over time equals the mass transfer coefficient:

k =−

dr
dt

[ µm / s ]
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( 4-8 )

4.1.5 Analysis of results

According to the fitting of the curves, the mass transfer coefficient of all oil
samples are presented below. Numerically, the absolute value of the slope of a
shrinkage curve equals the mass transfer coefficient of the corresponding oil. The
sharper the slope, the faster the dissolution, the worse the ethanol resisting ability. So,
the greater the mass transfer coefficient, the worse the ethanol resisting ability. At
40oC, the ranking of the absolute value of mass transfer coefficient is Sample C >
Sample F > Sample E > Sample G > Sample A > Sample D > Sample B. At 60oC, the
ranking is Sample G > Sample E > Sample C > Sample F > Sample A > Sample D >
Sample B.

Table 4.1.18 Mass transfer coefficient of all oil formulations at two temperatures.

Mass Transfer Coefficient Summary
Oil formulation

k, 40oC (μm/s)

k, 60oC (μm/s)

Sample G

0.0445

0.3181

Sample E

0.0528

0.2364

Sample C

0.0925

0.1982

Sample F

0.0330

0.1394

Sample A

0.0269

0.0665

Sample D

0.0265

0.0665

Sample B

0.0164

0.0568
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Figure 4.1.31 Mass transfer coefficient of all E.n.i oil formulations at two temperatures.

A bar chart (Fig. 4.1.31) is shown above to give a clearer comparison of the
numerical values of the mass transfer coefficient of different E.n.i. oil formulations.
Regarding the ranking of the absolute value of mass transfer coefficient or the ranking
of ethanol dissolving ability, five out of seven oil formulations show the same
sequence of ranking at 40oC and 60oC, (Sample B < Sample D < Sample A < Sample F
< Sample C), while the other two formulations (Sample E, ZB3AN26) are not
consistent in ranking at two temperatures, meaning that these two formulations have
greater temperature dependence as regard to ethanol resisting ability. Of the two more
temperature depending formulations, Sample E possesses better ethanol resisting
ability than Sample G in both temperatures. These two formulations are the best
ethanol dissolving and worst ethanol resisting formulations at higher temperatures.
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4.2 Hexadecane tests
4.2.1 Experiment results

This part of work studied only one oil: hexadecane. Therefore, there were only two test sets.
For every test set, three best tests were selected to plot the shrinkage curve. The curves were in
normalized format, and the three curves in the same test set were averaged into one single curve
with error bars. The plots (Fig. 4.2.1-Fig. 4.2.2) are shown as follows.

Figure 4.2.1 Normalized Shrinkage curve for ethanol droplet in Hexadecane at 40oC.
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Figure 4.2.2 Normalized Shrinkage curve for ethanol droplet in Hexadecane at 40oC.

Figure 4.3.5 Normalized Shrinkage curves for Hexadecane tests at both temperatures.
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4.2.2 Analysis of results

To study shrinkage kinetics, both shrinkage curves were used for linear fitting (Fig. 4.2.3
and Fig. 4.2.4). The fitting results were shown on the figures and discussions on the results are
given.

Figure 4.2.3 Linear fitting for hexadecane test at 40oC
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Figure 4.2.4 Linear fitting for hexadecane test at 40oC

According to the fitting of the curves, the mass transfer coefficient of all oil
samples are presented below. Numerically, the absolute value of the slope of a
shrinkage curve equals the mass transfer coefficient of the corresponding oil. The
sharper the slope, the weaker resistance to ethanol dilution. Also, a bar chart is shown
afterwards to give a more vivid comparison of the mass transfer coefficients between
different oils.

Table 4.2.1 Fitting results for hexadecane tests.

Hexadecane tests linear fitting results, 40oC & 60oC
Test material

k (μm/s)

R2

Hexadecane, 40oC

0.0973

0.99652

Hexadecane, 60oC

1.1334

0.99548
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Figure 4.2.6 Mass transfer coefficient of hexadecane at two temperatures.

4.2.3 Conclusion

Hexadecane is a sixteen-carbon hydrocarbon, while the chain length of motor
oil base oil can vary from fifteen to forty. The fact that ethanol dissolved much faster
in hexadecane can verify, to some extend, that shorter hydrocarbons have better
ethanol dissolving ability, and longer hydrocarbons are more resistent to ethanol
dilution.
Another noticeable phenomenon was that injected ethanol would not form
ethanol droplet in hexadecane, when the capillary was not hydrophobicly treated. The
ethanol would disperse and stick to the capillary wall. This was not the case with
commercial motor oils. For motor oil tests, ethanol will formed ethanol droplet even
when the capillary was not hydrophobic. This means fuel ethanol is not likely to stick
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to and corrode the car engine parts as well. The possible explanation is that
dispersants in motor oil may keep ethanol droplets suspended and not stick to metal
surfaces, until ethanol evaporates out of engine.

4.3 Shell motor oil tests
4.3.1 Experiment results

This part of work studied the difference between new motor oil and used motor
oil. Commercially available Shell SAE 5W-30 motor oil and the same oil with 1400
mile age were introduced for this purpose. Four sets of tests were conducted on both
sample at two temperatures. For every test set, three best tests were selected to plot
the shrinkage curve. The curves were in normalized format, and the three curves in
the same test set were averaged into one single curve with error bars. The plots (Fig.
4.3.1-Fig. 4.3.5) are shown as follows. Also, normalized shrinkage plots for both oil
samples at both temperatures are summarized at the last (Fig.4.3.6).
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Figure 4.3.1 Normalized Shrinkage curve for ethanol droplet in Shell new oil at 40oC.

Figure 4.3.2 Normalized Shrinkage curve for ethanol droplet in Shell new oil at 60oC.
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Figure 4.3.3 Normalized Shrinkage curve for ethanol droplet in Shell used oil at 40oC.

Figure 4.3.4 Normalized Shrinkage curve for ethanol droplet in Shell used oil at 60oC.
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Figure 4.3.5 Normalized Shrinkage curves for Shell motor oil.

4.3.2 Analysis of results

To study the shrinkage kinetics of new and used motor oil, all four averaged
shrinkage curves were linearly fitted (Fig. 4.3.6 - Fig. 4.3.9). It was noticed that
ethanol droplets stopped shrinking in used motor oil after some point in the tests,
resulting in flat parts in the shrinkage curves. Since ethanol droplets were not
shrinking during those parts, the flat parts of the curves were neglected from linear
fitting.
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Figure 4.3.6 Linear fitting for Shell new oil test at 40oC.

Figure 4.3.7 Linear fitting for Shell new oil test at 60oC.
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Figure 4.3.8 Linear fitting for Shell used oil test at 40oC.

Figure 4.3.9 Linear fitting for Shell used oil test at 60oC.
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According to the fitting of the curves, the mass transfer coefficient of both new
and old oil samples are presented below. Numerically, the absolute value of the slope
of a shrinkage curve equals the mass transfer coefficient of the corresponding oil. The
sharper the slope, the weaker resistance to ethanol dilution. Also, a bar chart is shown
afterwards to give a more vivid comparison of the mass transfer coefficients between
different oils.

Table 4.3.1 Fitting results for Shell motor oil tests.

Shell motor oil tests fitting results, 40oC & 60oC
Test material

k (μm/s)

R2

New Oil, 40oC

0.0330

0.97966

New Oil, 60oC

0.2310

0.99043

Used Oil, 40oC

0.0283

0.99079

Used Oil, 60oC

0.1790

0.98757

Figure 4.3.10 Mass transfer coefficient of all new and used Shell motor oil at two
temperatures.
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Attached below are summaries of data for all experiments included in this thesis,
including two summary figures of shrinkage plots for all oil samples at two different
temperatures, and one bar chart summarizing the mass transfer fitting results for all oil
samples.
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Figure 4.3.11 Normalized shrinkage curves for all oil samples at 60oC
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Figure 4.3.12 Normalized shrinkage curves for all oil samples at 60oC
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Figure 4.3.13 Mass transfer coefficient of all oil samples at two temperatures.
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4.3.3 Conclusion
In general, ethanol shrinked faster in new motor oil. This may be because used motor oil has a
higher degree of saturation. And, a very interesting finding of this study was observed in the used
oil tests. In used oil, ethanol droplet became darker and heavier, when the droplet radius
approached around 16μm at 40oC or around 13μm at 60oC, after which, the droplet stopped
shrinking or began to shrink very slowly. This was not a coincident phenomenon. It happened in
all used oil tests, both 40oC tests and 60oC tests, resulting in long flat parts in used oil shrinkage
curves. After the droplet suddenly became dark, it kept descending, this is believed to be a result
of the incorporation of ethanol and soot particles. This mechanism stopped ethanol from further
diluting motor oil, which might prove that used motor oil are better at resisting ethanol dilution.
However, the resulting ethanol-soot complexes might cause corrosion problems as well. They did
not tend to shrink further, even when they were heated to 110oC. If this happened in an engine, the
ethanol-soot complex might adhere to engine parts, just like what soot particles did. This would
result in severe ethanol corrosion problem.
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Chapter 5: Conclusion
As a part of passenger car fuel, ethanol can dissolve in and dilute motor oil,
causing detrimental changes to motor oil lubricating properties. This work developed
a new analytical method to study the interaction between ethanol and motor oil. The
behaviour of ethanol/oil system of seven motor oil formulations were studied. Heating
capillary microscopy technique was introduced to monitor and record the shrinkage
performance of ethanol droplets in oil samples at 40oC or 60oC. And the ethanol
droplet shrinkage curves were plotted in the form of droplet radius change over time.
It was found the shrinkage curves were near linear. After linear fitting, a slope was
obtained for each test. A mathematical model was developed to find that the absolute
value of shrinkage slopes equal the value of mass transfer coefficients of ethanol
transporting in different oils.The smaller the mass transfer coefficient, the better the
ethanol resistance.
Experiment results for E.n.i oils showed five of seven oil formulations were
consistent in the ranking of mass transfer coefficient at 40oC and 60oC, (Sample B <
Sample D < Sample A < Sample F < Sample C), while the other two formulations
(Sample E and F) had greater temperature dependence. Of the two more temperature
depending formulations, Sample G possessed better ethanol dissolving and weaker
ethanol resisting ability than Sample E in both temperatures. These two formulations
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were the best ethanol dissolving and weakest ethanol resisting formulations at higher
temperatures.
The hexadecane tests showed that hydrocarbon with shorter chains might be
worse at resisting ethanol dilution, and that pure hydrocarbon were not good at
stabilizing ethanol droplets. Ethanol could not form droplets in hexadecane, unless the
capillary was made hydrophobic, while ethanol easily formed droplets and suspend in
all motor oil samples even when the capillary was not made hydrophobic. This
indicated that fuel ethanol was not a corrosive threat to engines, when motor oil was
newly changed.

Apart from confirming that used motor oil could better resist ethanol dilution, the
Shell motor oil tests discovered an interesting mechanism: ethanol droplet stopped
shrinking and became dark, when the droplet radius approached around 16μm at 40oC
or around 13μm at 60oC. This mechanism stopped ethanol from further diluting motor
oil, however, the resulting ethanol-soot complexes might cause severe corrosion
problems as well.
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