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ABSTRACT
This dissertation describes the continuous development of Active Vapor Utilization
System (AVUS) that collects fuel tank vapors for use as a cold-starting fuel. The AVUS system
create from normally occurring fuel tank vapors a highly volatile fuel that improves combustion
stability and decrease emissions during the starting and warm-up periods. Five specific topics
are considered: the first briefly gives a background of the research, the second is to determine the
feasibility of the AVUS concept with respect to generating a suitable cold starting fuel from
normally occurring tank vapors, the third describes a new technology concept that was proven to
be capable of determining a distillation profile of a motor fuel , the fourth is the AVUS’s
performance with butanol/gasoline blends based fuels, and lastly a flash calculation of a mixture
of hydrocarbon is performed using Peng Robinson equation of state and the Rachford-Rice
equation.
To determine the feasibility of the AVUS concept, the system was run using a
commercial gasoline. The condensate produced from the AVUS was then tested and analyzed
using ASTM distillation analyzer. The AVUS condensates were found to be extremely more
volatile than the parent fuels from which they were derived.
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Volatility by definition is a measurement of how easily the fuel vaporizes. Knowledge of
variation in volatility is essential for eliminating the hydrocarbon emissions. Thus a new sensor
concept for in-situ fuel volatility was used to improve the Usability of Liquid Motor Fuel. The
technology of this new sensor is based on the principle that at a given temperature, higher
volatility can dissipate more energy during nucleate boiling heat transfer than lower volatility
fuel. Conversely, lower volatility fuels dissipate more energy during film boiling at a given
temperature. To check the performance of the AVUS system with alcohol fuel, the AVUS
system was run using butanol blended in amount of 20, 40, 60 and 80 % by volume with gasoline
for the subject evaluation. The AVUS condensates generated from the butanol blends, however,
exhibited much higher volatility, exceeding that of the straight gasoline. The measured T10
values for the condensates cB20-cB80 were 34 oC - 44 oC. Notably; T50 for the B60 condensate
was comparable to that of gasoline.
A flash calculation of a mixture of hydrocarbon using the Rachford-Rice equation with
the capability of predicting liquid fuel composition has been established throughout in this study.
The algorithm has proven to be very effective and relatively precise.
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CHAPTER 1
INTRODUCTION

Background
Spark Ignition (SI) Engine emissions, for the most part, contain carbon monoxide,
nitrogen oxides and hydrocarbons. The hydrocarbon emissions from an SI engine considerably
affect air quality through their health effects on living beings, in terms of toxicity, and through
the effects on smog formation. Smog itself is generally composed of different compounds
including nitrogen oxides (NO x ), carbon monoxide (CO), particulate matter, and hydrocarbons.
Nitrogen oxides (NOx) in the ambient air consist mostly of nitric oxide (NO) and nitrogen
dioxide (NO 2 ). The trouble with NO 2 is that it attacks the lungs and prevents transfer of oxygen
to the blood. Carbon monoxide is a deadly, odorless, colorless, and poisonous gas. It is generally
produced from incomplete combustion, and when humans are exposed to certain amounts of CO,
it displaces oxygen in the blood and deprives the brain, heart and other vital organs of oxygen.
Particulate matter is a kind of air pollution that includes dust, soot, aerosols and dirt. It has
readily apparent effects on visibility and exposed surfaces, and can generate heart and breathing
problems and lead to premature death and cancer. Hydrocarbons are chemical compounds
consisting completely of carbon and hydrogen. The major sources of hydrocarbons come from
oil refineries, combustion engine exhaust and oil-fueled power plants. The most important health
effect of hydrocarbons results from the formation of ozone and its related health effects. Thus,
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there are emissions regulations that oblige substantial reduction of passenger cars’ HC emissions
in terms of the Federal Tier I and Tier II standards. The Tier II standard produced by the
Environmental Protection Agency (EPA) makes automakers conform to a fleet average NO x
emission nationwide. The LEV II standards, formed by the California Air Resource Board
(CARB), regulate fleet average hydrocarbon emissions.
The use of the catalytic converter is the primary way of the emissions reduction from an
SI engine. The catalytic converter is not effective before reaching its operating temperature.
Thus, it is during the first minute or so of operation of a production vehicle’s Federal Test
Procedure (FTP), prior to catalyst light off ([1.3],[1.4]), that a substantial amount (90 %) of the
tailpipe HC emissions comes from.

Cold Starts
Hydrocarbon emissions are a threat to the environment. To reduce the hydrocarbon
emissions, it is important to understand the causes and the problems associated with hydrocarbon
emissions. The cold start problem comes from low fuel volatility and poor catalytic converter
efficiency. At room temperature only 10 % to 30 % of gasoline vaporizes when injected. This
implies that only 70 % to 90 % of the fuel remains in the liquid phase which means that the
engine has to inject some additional fuel to compensate for the low volatility. The additional fuel
compensation can be 8 to 15 times the stoichiometric amount to create enough vapors for reliable
ignition. The ignited fuel vapors and leftover liquid fuel vaporizes and leave the engine as
unburned hydrocarbons [1.2].
The catalytic convertor, under ideal conditions, will use reduction and oxidation to
remove many of the unburned hydrocarbons, but due to the cold start period, a standard three-
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way convertor will not reach its “light off” (meaning a 50 % hydrocarbon conversion rate)
temperature until 30-40 seconds after the start during the Federal Test Procedure (FTP) drive
cycle. This unfortunately results in the catalyst being needed most when it is least efficient. The
ironic combination between less than ideal conditions and a higher demand for conversion,
results in high tailpipe hydrocarbon emission [1.2].
Fixing the problem and reducing hydrocarbon emission during cold starts has been
focused on by researchers. In general these researches have fallen into improving engine starting
parameters and improving catalytic convertor performance. However, recently there has been
some work in a third category which uses alternative starting fuel. To reduce the cold start
problem, researchers are using this alternative starting fuel.
There have been several attempts to reduce cold start emission by changing different
starting parameters. The most common is the lean start strategy which increases the chance that
all of the fuel will be burned. Gong Li [1.7] has claimed that the first firing cycle is crucial for
cold start emissions. Li and other colleagues found that by improving the combustion in the first
cycle, higher cylinder temperatures can be reached earlier. This scenario would be more
favorable for combustion and therefore lead to lower emissions. Li achieved this by changing
the amount of excess air and spark timing. It was found that if a 125 cm3, four stroke, air cooled,
spark ignited engine with a single port injector ran on liquefied petroleum gas, hydrocarbon
emissions could be reduced by advancing the spark timing. It was also found that an optimal
excess air factor of 0.53 resulted in minimum hydrocarbon emissions, and that decreasing past
0.53 resulted in higher emissions [1.7]. From Li’s perspective, it is acceptable to consider that
similar results would be obtained in a gasoline engine.

3

Although this strategy and other lean strategies can reduce cold start emissions, they
increase the chances of misfires and bad start. The calibration for these strategies must also
consider the lean limit for several fuels, making them more complicated. Basically, the more
volatile the fuel, the leaner it can be started. Similarly, lower volatile fuels are more likely to recondense on cool engine components [1.1], and the initial misfire results in even more
hydrocarbon emissions and impacts the stability and overall emissions of later cycles [1.7]. Lean
strategies can definitely impact cold start emissions, but a more stable and better solution is
needed.
Ashford and Matthews ([1.2], [1.3]) have focused on alternative cold starting fuels. In
2003 Ashford and Matthews designed and tested the On-Board Distillation System (OBDS)
which extracted from gasoline a high-volatile fuel for exclusive use during the starting and
warm-up period. Ashford’s experimental set up uses the engine coolant system as the heat source
to distill consumer-grade gasoline from the gas tank and store the more volatile species in a low
pressure tank. The heavier fractions were returned to the main fuel tank for normal treatment.
The distillate gasoline was fed to the fuel rail during cold starts to give a higher volatile starting
fuel. After the engine had warmed, (for ~ 20s) the fuel source was switched to the gasoline in the
main gas tank [1.3].
The OBDS was installed on a 2001 Lincoln Navigator with the engine starting calibration
changed to a lean strategy. Results demonstrated an 80 % reduction in hydrocarbon tailpipe
emissions and an 87 % reduction on CO tailpipe emissions. The light off time for the catalyst
encountered a 50 % reduction. The OBDS can decrease the fuel mixture enrichment just by using
a volatile starting fuel. After removing the light hydrocarbons from the gasoline, the residual fuel
is less volatile. At this point it will have some problems after multiple distillation of the parents’
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fuel [1.3]. The volatile fuel obtained from the OBDS has an increased vapor pressure at a
temperature of the fuel tank.

Fuel Volatility
The volatility of a fuel is characterized by its boiling range and its vapor pressure. The
volatility of a fuel is characterized by two different standardized tests which are the ASTM
distillation curve and the Reid vapor pressure (RVP).
The distillation curve for a fuel is determined using ASTM Procedure D86. In this
procedure, a 100-mL sample is distilled under specified condition at atmospheric pressure using
a controlled temperature. The fuel is placed in a flask and is heated using a specified
temperature-time to vaporize the fuel. The vaporized fuel passes through a cooling tube, and the
volume of condensate is recorded as a function of temperature. At the end of the test, some
residual that did not vaporize is left within the flask. The low boiling point compounds are
typically butanes (C4) and pentanes (C5). The important parameters determined from the
distillation curve are the initial and the final boiling points, and the temperatures for 10, 50, and
90 % evaporation of the fuel. The initial boiling point is the location where the liquid fuel begins
to condensate.
The RVP is determined at standard conditions and follows ASTM Procedure D323. In
this test procedure, liquid fuel at 0 oC is connected to a vapor chamber filled with air at 37.8 oC.
The air volume is about four times larger than the fuel volume. The complete apparatus is
immersed in a water bath that is maintained at a temperature of 37.8 oC. The fuel RVP is equal to
the equilibrium vapor pressure and is measured with a standard pressure gauge.
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Fuel Variability
Determining the distillation curve of a motor fuel is critical. This is important, because
the distillation profiles of commercially available motor gasoline varies by season and
geographical location. Additionally, most vehicular emissions occur during the transient
operation where the effects of fuel volatility are most harmful to fueling accuracy. An engine
computer would be capable of considerable improvements in emissions and driveability if it has
knowledge of its fuel. The goal is to develop a technique that will be capable of describing the
distillation curve of a motor fuel.

Mixture Preparations
The thermal surroundings are not good for mixture preparation during the engine cold
start. During the transient startup, the factors that control the mixture preparation are fuel
properties, port wall/intake valve temperature and intake valve timing.
Fuel Properties
Usually, a more volatile fuel helps mixture preparation during the startup transient. The
mainly accessible fuel properties are the Reid vapor pressure (RVP) and the distillation curve. In
general the evaporative behavior of the fuel is characterized by a single number, the driveability
index (DI), which is described as DI = 1.5*T 10 +3*T 50 +T 90 . For a history of the development of
the DI, see Barker et al [1.5].
Port wall/Intake valve temperature
The port wall temperature is basically the coolant water temperature, which in general
does not change during the first 10 second from the startup. Cowart and Cheng [1.6] found out
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that the intake valve temperature is determined by the thermal inertia of the valve, the cooling
due to the vaporization of the fuel and the heat loss through the valve seat contact.
Intake valve timing
The approach of opening the intake valve early is to increase the backflow. Another
approach is to have a late intake valve opening so that the cylinder pressure is significantly
below atmospheric when the valve opens.

Distillation
Liquids can be purified by an old purification technique known as distillation. To
understand the theory behind distillation, let us examine a mixture of water and salt. Salt is a
nonvolatile material. When the mixture is heated to its boiling point, the water will vaporize, but
the salt will not. The vapors from the water can be condensed to a liquid and collected in a
container as shown in Figure 2.1. This collected condensed liquid is called the distillate. Since
the distillate is separated from the salt, it is purified.
Purification by the distillation process is possible for multiple volatile components. Let’s
consider a mixture of two components, one of which is somewhat more volatile than the other.
When the mixture reaches its boiling point, the vapor will contain some of both, the more
volatile and less volatile components. However, the vapor will be rich with the more volatile
component. As boiling continues, the boiling point of the less volatile component will be
eventually reached. Vapors must be collected first to capture the more volatile components.
And thus, the two components can be separated and purified.
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Figure 2.1 Sample apparatus for simple distillation
(Picture excerpt from oz.plymouth.edu)

However, gasoline is simply not a mixture of two clearly distinguishable liquids with
notably different boiling points. In fact, commercial gasoline is an elaborate blend of hundreds if
not thousands of hydrocarbons with varying thermodynamic properties. To the great advantage
of this project, the very composition of gasoline is beneficial to the AVUS, which uses simple
distillation process to separate the lighter hydrocarbons, C2-C6, from the heavier species, C7.
Simple distillation is a single stage process ideal for separating liquids whose boiling points vary
by 50 degrees or more. This process does not separate each single component from the mixture,
but it effectively removes similar species with common volatilities from the larger mixture. This
is known as the concept of relative volatility: a ratio comparison of the component vapor
pressures in a liquid mixture. Mixtures with relative volatilities closer to one another will be
more difficult to separate, while those approaching zero or infinity will be easily separated [1.1].
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AVUS utilizes this method of distillation to sequester light hydrocarbons from the heavier
species.
The AVUS system uses distillation to produce a highly volatile starting fuel. On a
vehicle, the fuel tank behaves as the boiler in this distillation. In AVUS, the fuel in the main tank
is heated using the same sources that cause evaporative emissions: recirculation of enginewarmed fuel from the regulator, hot pavement, car’s exhaust system, hot soaks where the engine
is turned off after extended use, and daily ambient temperature changes. As the fuel is warmed
by these sources, vapors are allowed to form in the space above the gasoline. Because the
AVUS system depends on uncontrolled sources of heat for vaporization, the temperature used to
distill the gasoline is not controlled which means that the species that are collected are not
controlled precisely. Since the heat from the fuel tank comes from environmental sources, we
used the term natural distillation to define it.
The use of the AVUS system during the cold climate is difficult because the outside
temperature is very low. However, the AVUS system takes advantage of seasonal and regional
fuel blending. Depending on the climate and season the refineries adjust fuel volatility. For
example, in the winter season, the refineries make a higher volatile fuel by adding light
hydrocarbons such as butane and isopentane. The addition of these light ends may offset the
lower distillation driving force present in cold weather.
Distillation curve
A fuel’s distillation curve shows how much fuel vaporizes at a particular temperature
when tested per the ASTM D86 distillation protocol. A sample of Distillation curve is
represented in Figure 2.2
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Figure 2.2 Distillation curve
From the distillation curve, the Front end volatility is arranged to give:
•

Easy cold starting

•

Easy hot starting

•

Low evaporation and running loss emission

The midrange volatility is arranged to give:
•

Good power and acceleration

•

Rapid warm-up and smooth running

•

Good short-trip fuel economy

The Tail-end volatility is arranged to give:
•

Freedom from engine deposits

•

Good fuel economy after engine warm – up

•

Minimal fuel dilution of crankcase oil
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Scope of Dissertation
The organization of the dissertation is a follows. The rest of the contents of the
dissertation are organized in the following four chapters to meet the objectives of present
research work.

Chapter 2 gives the details of the AVUS system and highly volatile fuel production
process from the fuel tank vapors. This highly volatile fuel improves combustion stability and
decreases emissions during the starting and warm-up period. The primary goal of the research
presented here is determination of the feasibility of the AVUS concept with respect to generating
a suitable cold-starting fuel from normally occurring tank vapors.

Chapter 3 gives the details of a new concept for fuel volatility measurements. Note that
volatility is an indicator of how easily the fuel vaporizes and knowledge of variation in volatility
is essential for eliminating the hydrocarbon emission. The specific objective of the present study
was to evaluate a concept of a hot-wire distillation analyzer for in-situ volatility sensing.

Chapter 4 addresses actual utilization of the fuel tank vapor. In this study butanol blend
with gasoline are used instead of methanol and ethanol to circumvent issue of fuel used having
significantly lower heating value as compared to gasoline itself. The objective of this research
was to systematically evaluate the effect of various butanol/gasoline blends using the active
vapor utilization system.
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Chapter 5 gives the details of an algorithm that can compute fuel volatility via the
principles of phase equilibrium. More specifically, if the liquid fuel composition is known, the
algorithm will calculate the composition of liquid and vapor fuel at any given temperature and
pressure. A single equation of state (EOS) such as the Peng-Robinson EOS is utilized in this
algorithm as it precisely describes both the liquid and vapor phase.
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CHAPTER 2
IMPROVING THE USABILITY OF LIQUID MOTOR FUELS: THE ACTIVE VAPOR
UTILIZATION SYSTEM
The material in this chapter is published in ASME EARLY CAREER TECHNICAL JOURNAL, volume 8, Number 1, October 2009, pages 25.1-25.7

Abstract
The Active Vapor Utilization System (AVUS) was developed to simultaneously reduce
both evaporative and tailpipe emissions from motor vehicles. The AVUS produces liquid fuel
from tank vapor generated in normal vehicle operation, for exclusive use during the starting and
warm-up periods. The system can process hydrocarbons vapors during refueling, hot soaks,
diurnal temperature swings and during normal drives (running losses), considerably reducing
evaporative hydrocarbon emissions. The starting fuel produced by AVUS is highly volatile, with
a vaporization rate nearly twice that of isopentane, one of the most volatile constituents of pump
gasoline. By comparison, the initial boiling point temperature of its parent gasoline corresponds
to the temperature at which up to 70 % of AVUS condensate will vaporize. The use of AVUS
condensate during starting and the subsequent warm-up period will facilitate enhanced
combustion and greatly reduced tailpipe emissions during cold starts. The AVUS system can
significantly reduce the two most dominant forms of vehicular hydrocarbon emissions
simultaneously. No emissions test was conducted for this work, but it is expected that AVUS
condensate should facilitate tailpipe hydrocarbon emissions reductions of at least 80 % [2.1].
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Introduction
Hydrocarbon (HC) emissions are a persistent threat to the environment. Commonly
emitted HC species include precursors to smog formation and agents that are acutely toxic to
human, animal and plant life. Moreover, the U.S. Environmental Protection Agency (EPA)
reported that automobile sources contributed 44 % of the national emissions inventory of volatile
organic compounds (VOC) in 2002 [2.16]. Most VOC emissions released from modern vehicles
are generated through incomplete combustion of fuel (tailpipe emissions) and by lost
containment of vapors released from fuel on board (evaporative emissions). A few facts bear
recognition:
(a) The cold-start period, which includes the first 60-90 seconds of engine operation after
starting, is responsible for 60-95 % of all tailpipe hydrocarbon emissions during emissions
certification testing [2.1, 2.7].
(b) Evaporative HC emissions have been conservatively estimated at 3-4x higher than tailpipe
emissions during routine driving [2.10].
(c) Starting fuel generated by the On Board Distillation System – an on-board fuel preprocessor
that collected the volatile fractions of gasoline for exclusive use during starting–was
demonstrated to reduce overall tailpipe hydrocarbon emissions by more than 80 % [2.1]. One of
the conclusions from that study and separate research by Stanglmaier et al [2.14] was that an
ideal starting fuel would be rich in HC species no heavier than C6.
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(d) As one would expect, the vapor space in a vehicle fuel tank predominantly consists of the
lightest fractions of gasoline. Speciation of the vapor above liquid gasoline at 21 °C revealed that
the vapor was dominated by three highly volatile species: isobutane (2-methylpropane), n-butane
and isopentane (2-methylbutane) collectively accounted for 78 % of the vapor composition
[2.16].
(e) Older vehicles have disproportionately higher evaporative and tailpipe hydrocarbon
emissions ([2.2], [2.13]).
It follows naturally from the preceding statements that significant reductions of hydrocarbon
emissions are possible if both evaporative and cold-start tailpipe emissions can be eliminated. It
is also apparent that fuel tank vapor makes an excellent starting fuel. Moreover, hydrocarbon
emissions from cold starts and fuel evaporation could be reduced or eliminated simultaneously if
fuel tank vapors were recovered for use as a starting fuel.
The idea of starting a vehicle with fuel tank vapors is not new; this approach has been
attempted many times previously, though with mixed success. Many attempts have been made to
develop passive cold starting systems that could induct hydrocarbon vapors from the carbon
canister. For the most part these devises tended to suffer from the same fundamental
imperfections: (1) there was no way to know conclusively how much vapor could be drawn from
the canister; (2) the vapors inducted from the carbon canister were mixed with air, and the
resultant mixture was of unknown strength; and (3) distributing the vapors evenly among
cylinders is very challenging. Predictable and robust fueling is vital for cold-starting, more so
than any other operating regime. Thus, most carbon canister vapor induction systems were
unsuitable. A promising exception is the Vapor Cold Start System (VCSS) presented by Servati
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et al [2.11], which is notable in that it used an active sensor to determine the hydrocarbon
concentration in the vapor canister.

A novel solution
The focus of this research is a new concept for an active on-board vapor recovery system
– the Active Vapor Utilization System (AVUS) – that collects fuel tank vapors for use as a coldstarting fuel. The AVUS is installed in a conventional fuel system between the fuel tank and the
carbon canister. A carbon canister is a device that decreases pollution by trapping fuel vapors
from the main fuel tank to prevent hydrocarbons to escape into the atmosphere. The operation is
as follows: air and vapors that would normally be routed to the carbon canister are compressed
and cooled below the dew points of the most-volatile fuel-borne hydrocarbons (usually nbutane). The condensate is collected for pressurized storage; the remaining noncondensables
(mostly air, with trace VOCs) are routed to the carbon canister for normal treatment. A
schematic of the system is shown in Figure 2.1 AVUS operate via the principle of “natural”
distillation. That is, it does nothing to actively generate fuel vapors; rather, AVUS collects
vapors normally generated which are typically consumed by the engine.
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Figure 2.1 Schematic of the Active Vapor Utilization System, depicting installation within a
conventional evaporative emissions system. AVUS components are denoted by heavy red lines
and bold type.
There are many significant features of the AVUS system. First is the unique active
compression/cooling that promotes the removal of air from the collected vapor. This feature
eliminates the largest obstacle to the use of tank vapor for engine starting by facilitating fuel/air
mixtures of known strength during starting. The second significant feature is retrofit capability.
Existing proposed solutions to the cold start HC problem tend to be very difficult to implement
in retrofit scenarios [2.1]. AVUS can be easily retrofit to existing vehicles, even those that are
carbureted. Finally, exclusive to AVUS is the ability to operate without the engine running –
during refueling or hot soak, or while sitting in the driveway – in addition to operation with the
engine running.
A pertinent concern is the question of whether enough tank vapor would be available
when ambient temperatures are low. There would be little thermal driving force for fuel
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evaporation at the same time that the need for a volatile starting fuel is greatest. The low thermal
driving force for vaporization, however, is balanced by increased volatility of fuels supplied for
wintertime use. In cooler climes, motor gasolines are blended with higher fractions of volatile
species (e.g. n-butane, isobutane) to enhance cold-start performance. Consider Figure 2.2, which
shows the variation in fuel driveability index for pump gasoline commercially available in the
U.S. in 1998 [2.9]. Driveability Index (DI) is a common measure of fuel volatility, where DI =
1.5T 10 + 3T 50 + T 90 . T nn represents the temperature at which nn % of a multicomponent fuel
vaporizes when heated per the ASTM D86 protocol. Lower DI values correspond to higher
volatility. Given the volatility increase in the fuel available to consumers during wintertime, the
AVUS concept should be viable for cold weather operation.

Figure 2.2 Variation in driveability index in 1998 survey of U.S. pump
gasoline [2.9].
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Experimental Setup
The primary goal of the research presented here is determination of the feasibility of the
AVUS concept with respect to generating a suitable cold-starting fuel from normally occurring
tank vapors. Thus, a laboratory-scale version of the AVUS was constructed as depicted in the
schematic in Figure 2.3.
A 15 liter aluminum fuel cell represented the main fuel tank; the fuel cell was heated by
two hot plates situated underneath a ~20 mm thick aluminum heat spreader. A pump circulated
fuel within the tank to further help prevent local hot spots. The test fuel was heated to moderate
temperatures typical of those induced by diurnal, hot-soak and running-loss conditions. Diurnal
losses are induced by the daily sun cycle. Hot-soak losses result from heat buildup immediately
after vehicle shutdown. Running losses occur during normal vehicle operation; vaporization is
driven by radiation from hot pavement, the hot exhaust system in close proximity to fuel tank,
etc. Refueling losses are caused by vapor displacement during fuel replenishment. Note that
proper simulation of refueling losses would require a full-size fueling system, and was outside
the scope of this proof-of-concept project. A nitrogen purge was used to displace air within the
test tank before each test. The test fuel was summertime blend pump gasoline (87 octane rating),
purchased from a nearby fuel station. Each test began with 6 L of fresh parent gasoline, all
sourced from a single batch that was stored sealed in controlled environment to preclude testing
complications that would arise from normal day-to-day variability in the local fuel supply.
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Figure 2.3 Schematic of the laboratory – scale AVUS, with pressure transducer (P) and
thermocouple (T) mounting locations identified
The (dual-stage, diaphragm-actuated 800 kPa capacity) compressor was activated when
the fuel tank pressure reached a preset value (110 kPa absolute), simulating the action of a
conventional fuel system, where the combustion of canister vapors is typically commanded when
fuel tank pressure exceeds a certain amount. Employed downstream of the compressor was a 200
W thermoelectric cooler acting as a condenser. Finally, at the condenser exit was a simple singlestage vapor/liquid separator. A solenoid valve atop the separator was periodically activated when
pressure exceeded 700 kPa absolute to release noncondensables.

Test Protocol
The test series was designed to simulate fuel system running losses at main fuel tank
operating temperatures of approximately 20, 30 and 45 °C. These temperatures were chosen to
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reasonably reflect summertime fuel tank conditions. Figure 2.4 shows fuel tank temperature data
from three vehicles, as reported by Tanaka et al [2.15]. Each of these vehicles was driven over
the LA-4 drive cycle (the first two-thirds of the cycle used to simulate urban driving in Federal
emissions testing), which is also shown in the figure. In Figure 2.5 are fuel tank temperature data
reported by El-Sharkawy and Jeffers [2.5]. The test vehicle for this testing was driven through a
drive cycle as follows: one LA-4, two minutes idle, two New York City cycles, two minutes idle,
one LA-4. In both published studies the test vehicles were driven on chassis dynamometers
during SHED (Sealed Housing for Evaporative Determination) testing for running loss
evaporative emissions. These published temperature data show that the 20-50 °C fuel tank
temperatures in our testing is a reasonable representation of a range of real-world fuel tank
temperature conditions.

Figure 2.4 Fuel temperature profiles from three test vehicles as reported by Tanaka et al over the
(displayed) LA-4 drive cycle [2.15].
(plot excerpt from SAE 2006-01-3382, Figure 13).
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Figure 2.5 Fuel temperature data reported by El-Sharkawy and Jeffers during SHED testing
[2.5].
(plot excerpt from SAE 980049, Figure 1).
The fuel tank temperature was held constant for the tests, each lasting until at least 500
mL of condensate was generated, or until an hour elapsed. Samples were taken of the parent fuel,
the condensate generated and the residual fuel remaining in the main fuel tank. Prior to sample
collection, the condensate was chilled to a temperature below 4 °C to minimize vapor loss
(AVUS condensate typically boils at room temperature). The parent and residual fuels were
sampled at ambient temperature and pressure. Distillation profile testing was performed per
ASTM D86 using a Koehler Instruments K45000 Front View Distillation Apparatus. The
condensate was Group 0; parent and residual fuels were Group 1. Throughout the duration of
AVUS operation and D86 testing, the laboratory ambient temperature was 21 – 22 °C.
Additionally, a simple yet effective volatility test was devised to complement the
distillation profile testing. This test–dubbed sTGA – is a simplified version of conventional
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thermogravimetric analysis. Fuel samples were placed in 4 mL glass cylindrical vials. The
sample vials were filled to just below the neck of the bottle, exposing the largest area of liquid
possible to air. Because the cross-sectional area of the flask is constant below the neck, the
surface area of liquid exposed was constant for the duration of the test. Each the samples was
opened and placed on a Sartorius A211P microbalance with the sliding glass doors left open for
40 minutes in a 20 ºC quiescent atmosphere. The room temperature and sample mass were
recorded at two-minute intervals.

Results and Discussion
Distillation Profile
Figure 2.6 shows two sets of distillation curves for AVUS fuel samples taken from
running loss simulations conducted at main tank temperatures of 20, 30 and 45 °C. On each
graph are parent fuels from all tests and the corresponding condensates (a) and residual fuels (b).
Boiling points of species commonly found in gasoline are displayed as well.
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Figure 2.6a AVUS condensate distillation curves
The AVUS condensates are markedly more volatile than the parent fuels from which they
were derived. For example, the initial boiling points (IBP) of the parent fuels corresponds
temperature to T 50 – T 60 of the condensates; parents’ T 10 corresponds to condensates’ T 75 – T 80 .
The low temperature extension of the condensate distillation curve relative to the parent fuel
shows pronounced vaporization advantages over the cold-start and warm-up regimes. The
condensate should be capable of much-improved mixture preparation, reducing the need for
startup overfueling, reducing the associated emissions and improving cold driveability.
Boiling point examination indicates that the AVUS condensate has a high concentration
of volatile C 4 and C 5 species. This is especially notable considering the parent fuel — a summer
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blend crafted for 35 – 40 °C local ambient temperatures — contains relatively low concentrations
of these species.
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Figure 2.6b AVUS residual distillation curves
The AVUS residuals are generally not much less volatile than their respective parent
fuels, suggesting that the mass of volatile ends lost by the main fuel tank is not significant. This
could also imply that the condensate generation rate is low, though generation quantification was
not within the scope of this study.
Both the condensates and residual fuels display a noticeable level of temperature
dependence. Lower main fuel tank temperature shifts vaporization toward the lighter species and
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reduces vaporization rates. The opposite is true for higher tank temperatures. The net result is
that higher main tank temperatures generate heavier condensates and deplete more light-ends
from the main tank, leading to heavier residual fuels.
A complete summary of the distillation data is presented in Table 2.1
Table 2.1.Distillation data of AVUS condensate and the parent and residual fuels
Sample

T10

T50

T90

DI [οC]

Parent

50

75

158

457

20 condensate

28

38

58

215

30 condensate

27

39

64

223

45 condensate

34

46

73

262

20 residual

52

86

157

493

30 residual

53

92

158

513

45 residual

60

109

164

581

sTGA Analyses
Vaporization rates of the AVUS condensate, the fuel from which it was produced and the
residual fuel left behind in the main fuel tank were compared to those of three reference neat
fuels: isopentane (2-methylpentane), toluene and isooctane (2,2,4-trimethylpentane). These
references fuels were chosen because (1) they make up a large fraction of the constituents of
pump gasoline, and (2) there is a wide range in the boiling parameters among them, facilitating
good characterization of the test fuels. The vaporization rates of the test and reference fuels are
shown in Figure 2.7, obtained by monitoring the mass of samples exposed to the atmosphere. All
masses shown are normalized by the starting mass of each sample. Of the reference fuels, the
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vaporization rates of toluene (BP 110.6 °C) and isooctane (BP 99.3 °C) are virtually
indistinguishable, with isopentane (BP 28 °C) vaporizing at much higher rates. This was
expected, given the similar boiling points of the two heavier species, which are both much higher

mass (normalized by initial mass)

than that of isopentane.
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Figure 2.7 Vaporization rate of AVUS condensate compared to pump gasoline, AVUS residual
and neat fuels isopentane, toluene and isooctane
The AVUS condensate exhibited a vaporization rate nearly twice that of isopentane.
Since isopentane is one of the most volatile species present in gasoline, this is a very positive
outcome. The original pump gasolines and residuals exhibit similar vaporization rates, though
the residuals appear to have an overall lower vaporization rate (many more tests would be
required to discern the difference with confidence). This would be expected, since light ends
have been removed. The similarity between the pump fuels and residuals suggests that the
AVUS process is not dramatically altering the fuel remaining in the tank. This is indicative that
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the fuel vapors processed by AVUS are those that would have ordinarily been lost from the tank;
i.e., AVUS itself is not driving the vaporization process. The ramification is that AVUS is not
likely to reduce light ends in the parent fuel so much that a vehicle could not start on main tank
fuel, a concern when fuel is actively heated (or placed under reduced pressure) to drive
distillation [2.1]. The average vaporization rates are summarized in Table 2.2
Table 2.2.Average vaporization rates of reference fuels and AVUS condensate.
Test Fuel

Rate [mg/min]

Isopentane

10.7

Toluene

0.3

Isooctane

0.4

Pump gasoline

4.1

AVUS condensate

18.0

AVUS residual

3.7

Energy Consumption, Operating Considerations
Fuel flow rates through the AVUS were not measured; thus, energy consumption rates
are based upon electrical demand of the compressor and condenser. The fuel pump and hot plate
were not included because they would not be added to a vehicle in which the AVUS were
installed. In future work, the fluid flow rates will be recorded.
In normal operation, the vapor separator/collection tank was vented at 6.5 bar to release
noncondensables. Venting was stopped when the separator pressure fell to 5.5 bar. Thus, 6.5 bar
was the compressor’s highest output pressure (nominally, accounting for pressure drop between

28

the compressor and the separator). At this pressure, the compressor’s power demand was 240 W
(~20 A at 12 VDC). Note that the pressure that the compressor must overcome is due only to the
vapor pressure of the AVUS condensate in the storage tank. However, considering the vapor
pressures of isobutane, butane and isopentane at moderately elevated temperatures — 5.3, 3.9,
1.7 bar at 40 °C, respectively — the compressor pressure from these tests is not unreasonably
high.
The condenser power demand was 360 W (15 A at 24 VDC). During normal operation,
however, the condenser fins frequently iced over, and it would cool the fluid inside to subambient temperatures (5–10 °C collection tank temperatures were very common). For this
application, the condenser was somewhat oversized.
Although this research was strictly a laboratory-scale experiment, on-vehicle power
demand can be estimated by making several assumptions. First, we assume that the worst-case
scenario is refueling, where vapor is being displaced at the main fuel tank refill rate, which is
currently limited by the EPA to 37.85 liters/minute. Assumed compressor operating conditions
are as follows: inlet temperature = 50 °C, inlet pressure = 1 atm, outlet pressure = 6.5 bar. The
fluid is assumed to be half air, half butane (by mass), and the compressor is assumed to operate
at 30 % isentropic efficiency. The condenser is assumed to operate at 20 % efficiency and cool
the fluid to 20 °C. With these conservative assumptions, the AVUS worst-case power
consumption is estimated 2.5 kW, well below the 7+ kW typically demanded by automotive
accessories such as power steering and air conditioning [2.8].
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Conclusions
The AVUS system can produce – from normally occurring fuel tank vapors – a highly
volatile fuel that should improve combustion stability and reduce emissions during the starting
and warm-up periods. Up to 70 % of the AVUS condensate can vaporize at the initial boiling
temperature of its parent gasoline, and it exhibits a vaporization rate nearly twice that of
isopentane, an excellent starting fuel itself. Furthermore, because it relies on tank vapors for
operation, AVUS can also reduce evaporative emissions. The AVUS condensate is expected to
outperform the distillate produced by the On-Board Distillation System, thus facilitating tailpipe
HC emissions reduction in excess of 80 % (over the FTP drive cycle). The next step in this
research is to quantify these assertions. Thus, a new version of AVUS will be designed and
installed on-vehicle for proper SHED testing for evaporative emissions evaluation over a
complete battery of diurnal, refueling, hot soak and running loss tests. Moreover, conventional
FTP drive cycle testing with condensate starting fuel is warranted to measure AVUS benefits
regarding tailpipe emissions.
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CHAPTER 3
IMPROVING THE USABILITY OF LIQUID MOTOR FUELS:
A NEW CONCEPT FOR IN-SITU VOLATILITY MEASUREMENT

Abstract
An inexpensive probe was developed for quantitatively measuring the volatility and
distillation profile of a motor fuel. The probe was based upon boiling heat transfer about a
horizontal electrically-heated platinum wire that served both as heating element and temperature
probe. The basic operating principle behind the probe was that more volatile fuels would
dissipate more energy at a given heating element temperature under nucleate boiling conditions,
and that less volatile fuels would conversely dissipate more energy at a given temperature within
the film boiling regime. The probe quantitatively exhibited this behavior during the initial phase
of testing with binary mixtures of isopentane, toluene, and iso-octane, chosen because they are
three of the more prominent ingredients of commercially available pump gasoline. Subsequent
testing compared data obtained from the probe to results generated by the industry-standard
ASTM D86 distillation test. The tests were conducted on identical blends gasolines of various
volatilities. There was very good agreement between distillation profile generated by the probe
vs that generated by the D86 method. This study validated the concept of a hot-wire volatility
sensor, essentially a miniature on-board distillation tester. Future work will refine the concept
and develop a quantitative correlation between probe output and ASTM D86 distillation test
results.
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Introduction
Automobiles are responsible for a significant portion of hydrocarbons (HC) released to
the environment. In 2002, the U.S Environmental Protection Agency estimated that mobile
sources were responsible for 44 % of the national inventory of volatile organic compounds
[3.13]. The majority of hydrocarbon combustion emissions from light-duty vehicles occur during
transient operation. Changes in temperature and pressure cause phase transitions in liquid fuels,
which subsequently result in fueling inaccuracies. In an internal combustion engine, some of the
injected fuel will join intake port and/or in-cylinder fuel films rather than join the combustible
mix directly. Likewise, these fuel films release fuel to the combustible mix. Figure 3.1 illustrates
the fuel film phenomenon as expressed in the χ-τ Model commonly used in engine controller
transient fuel compensation algorithms ([3.11], [3.8])
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Figure 3.1 Expression of fuel film mass dynamics as seen in the the x-τ fuel film model [3.11].
𝑑𝑓𝑖𝑛𝑗
𝑑𝑓𝑐𝑜𝑚𝑏 1
= 𝑚𝑓𝑖𝑙𝑚 + (1 − 𝜒)
𝑑𝑡
𝜏
𝑑𝑡

(1)

In this equation, both χ (the fraction of fuel entering the film) and τ (time constant for
fuel leaving the film) are functions of fuel composition and local temperature and pressure. Fuel
entering the combustion chamber is represented by f comb ; the amount of fuel injected is
represesented by f inj ; and fuel film mass is given by m fuel,film . Under equilibrium conditions,
there is zero net fuel flowing to the films; thus, the amount of fuel injected is the same amount
entering the combustible mix, and accurate fuel control is trivial. However, engine transients
occur at time scales that are much shorter than the time constant for the fuel film to move from
one equilibrium state to another. During throttle-opening transients (increasing intake pressure),
the film mass grows, creating a lean excursion unless additional fuel is injected as
compensation. Conversely, during throttle-closing transients, the decreasing fuel film mass will
cause rich excursions. These air-fuel excursions increase emissions and fuel consumption while
adversely affecting driveability.
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Moreover, the volatility of commercially available pump gasoline varies considerably
both geographically and seasonally. Figure 3.2 shows the distillation curves of fuels
representing typical summer, winter and hesitation blends; pertinent distillation parameters are
listed in Table 3.1. A fuel’s distillation curve shows how much fuel vaporizes at a particular
temperature when tested per the ASTM D86 distillation protocol. T qq represents the temperature
at which qq % of the sample has vaporized; E rr represents the percentage of fuel vaporized at
temperature rr. Hesitation fuel is the lowest volatility fuel typically expected to be found in the
fuel supply, so named because an engine control scheme not properly calibrated for it tends to
cause noticeable hesitation in response to throttle opening.

Figure 3.2 Distillation curves of average 2003 U.S. commercially available summer and
winter gasoline blends and a certification “hesitation” fuel [3.2], [3.7].
For a given temperature, the amount of fuel vaporization is a strong function of fuel
type. Consider vaporization at typical operating temperature (90 °C). Comparing E 90 values
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(listed in Table 3.1), the winter fuel has twice the vaporization of hesitation fuel. Regarding the
χ-τ model, even if well calibrated, dealing with this kind of fuel variability is very difficult.
During cold-starts (engine at ambient temperature) the transient fueling problem is
exacerbated by extremely rapid transients in both temperature and pressure. Further, at starting
temperatures, massive overfuelling is needed in order to generate a reliable combustible mix.
The engine computer has no knowledge of the fuel on board a priori, and is typically
programmed to assume the worst case: hesitation fuel. Accounting for all these difficulties,
fueling during a cold start can be 10–20 times the stoichiometric amount. The catalytic
converter can take up to 40 seconds to reach 50 % efficiency. Thus, the vast majority of the
excess fuel required for starting exits the tailpipe as HC emissions. Measured over the FTP
protocol, 60–95 % of all tailpipe HC emissions occur during the first 2 minutes after start [3.8],
[3.1], [3.10], [3.6]
Table 3.1.Distillation parameters of the summer, winter and hesitation fuel blends in Figure 3.2
T 10 [%]

T 50

T 90

E90 [oC]

Winter

54

99

171

52

Summer

41

88

166

44

Hesitation

63

112

181

26

Modern engine controllers are equipped with transient fuel compensation capability, but
it is clear that a control scheme that employs knowledge of fuel distillation profile and
vapor/liquid equilibrium (VLE) behavior would be advantageous toward reducing transient
fueling inaccuracies. The research detailed herein is a part of a larger series of work that aims to
help develop engine control schemes that employ more complete “understanding” of fuel VLE,
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either via behavior prediction, property sensing or manipulation of the fuel itself. The specific
objective of the present study was to evaluate a concept of a hot-wire distillation analyzer for insitu volatility sensing.
The operating principle of the sensor is quite simple. In the nucleate boiling range, more
volatile liquids boil more vigorously at a given temperature. This manifests itself as higher heat
transfer rates. In the film boiling regime, a more volatile fluid more readily forms a vapor
blanket on the heating surface that tends to restrict conductive and convective heat transfer
[3.3], [3.5], [3.9]. Thus, more volatile fluids are less able to transfer heat during film boiling.

Experimental Setup
The hot-wire probe assembly is depicted in Figure 3.3. The test probe consisted of a fine
gauge platinum wire (0.025 mm diameter x 25 mm) attached to two copper tubes held in place
by an insulating block. An exposed type-k thermocouple was suspended 4 mm above the wire
centerline. The platinum wire was used as both the heating element and temperature sensor.
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Figure 3.3 Probe assemblies.

Figure 3.4 Wheatstone bridge setup.
The probe assembly made up the unknown resistance in a conventional Wheatstone
bridge circuit, as shown in Figure 3.4. The power source was an Agilent 6652A 500 W
regulated DC power supply. Data were collected via a National Instruments PCI-6133/BNC2120 at 1 kHz. The voltages measured about the bridge were V S ( AC ), V G ( BD ) and V wire ( BC ).
Resistance across the probe was calculated as
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𝑅𝑝𝑟𝑜𝑏𝑒 = 𝑅3

𝑉𝐺 (𝑅1 + 𝑅2 ) + 𝑉𝑠 𝑅2
𝑉𝑠 𝑅1 − 𝑉𝐺 (𝑅1 + 𝑅2 )

(2)

from which the probe wire temperature could be calculated. The “known” resistors R 1–3
(Ohmite E300K10R) were rated at 10 Ω nominal resistance and 300 W.

Probe calibration
Platinum was chosen as the probe material because of its linear relationship between
resistance and temperature as well as its chemically inert nature. Calibration of the wire was
obtained by measuring the resistance of the probe assembly while submerged in a beaker of oil
heated by a hot plate with magnetic stirrer. Resistance was measured via an Agilent 34410A
digital multimeter and the oil temperature was measured via the probe’s integrated
thermocouple. A typical calibration curve is shown in Figure 3.5, represented by the equation:
𝑅𝑝𝑟𝑜𝑏𝑒 [Ω] = 0.016𝑇𝑤𝑖𝑟𝑒 [°C] + 4.32

(3)

𝑇𝑤𝑖𝑟𝑒 [°C] = 62.5𝑅 𝑝𝑟𝑜𝑏𝑒 − 270

(4)

Transposing the calibration equation, probe temperature was calculated as

The probe was calibrated before and after each test.

Experimental Steps:
At the start of each test, the resistances R 1-3 were recorded and the bridge was balanced.
Supply voltage V S was increased slowly in 0.05 V increments through the nucleate boiling
regime and well into the film boiling regime, up to a maximum of 10 V. Extreme care was taken
in the film boiling regime to avoid wire breakage. At each new voltage setting, data acquisition
was delayed for a few seconds to allow the system to relax to eliminate transient effects. The
38

test was stopped if the probe thermocouple measured a fluid temperature increase of 2 °C. All
tests were conducted at room temperature (20 °C -21 °C).
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Figure 3.5 Typical calibration of the Pt hot wire probe.

Results and Discussion
This research was conducted in two phases, the first of which involved testing of known
mixtures of neat fuels. A neat fuel is a fuel that is free from admixture or dilution with other
fuels. The second phase concentrated on testing the hot wire probe with gasolines of known
distillation profiles. The neat fuels were isopentane (2-methylbutane), iso-octane (2,2,4trimethylpentane) and toluene, chosen because they are major ingredients of commercially
available pump gasoline. Moreover, it was expected that the considerable differences in their
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boiling points (e.g., isopentane vs isooctane) and molecular structures (e.g, aromatic vs alkane
isomer) would allow easier detection and analysis of mixture effects.
Neat fuels and boiling regimes of interest
Nucleate, transition and film boiling regimes were considered for this testing, as well as
the natural convection regime prior to boiling. Again, the goal here was to determine the
feasibility of using this probe to discern a quantifiable measure of volatility.
Figure 3.6a shows power flux from the probe at the associated wire temperature for
binary mixtures of isopentane and toluene at various mixture strengths. The mixtures vary from
pure toluene to pure isopentane in steps of 25 % by volume. In the natural convection region
(pre-boiling) region, the five mixtures are virtually indistinguishable. This was expected, as the
pertinent thermophysical parameters governing natural convection for these hydrocarbons are
quite similar.
2.0

1.5
2

power flux [M W/m]

nucleate boiling
film boiling

1.0

0.5

0.0

pre-boiling
0 vol% isopentane
25%
50%
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100%
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350

400
450
temperature [K ]

500

550

Figure 3.6a Hot-wire probe distillation results for isopentane/toluene binary mixtures. Volume
percent of isopentane is indicated in legend.
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In the nucleate boiling regime, several observations stand out. Both the 0 % and 25 %
isopentane mixtures show a distinct transition into nucleate boiling, where the slope of
power/temperature abruptly increases significantly. The 50 % mixture shows a brief nucleate
boiling period, and the 75 % and 100 % isopentane mixtures transition almost immediately from
natural convection into film boiling with no definite nucleate boiling range. The boiling point of
isopentane is relatively low (28 °C), so its early transition to film boiling was somewhat
expected.
In the film regime there is clear differentiation among mixtures of different volatilities.
Thus, the boiling regime further investigated in this research was film boiling. As expected, the
lower volatility fluids dissipated more power at a given temperature.
Table 3.2.Boiling points of neat fuel [3.4]
Isopentane

28 oC

Toluene

110.6 oC

Iso-octance

99.3 oC

Mixtures with a higher fraction of heavier compounds characteristic of gasolines
exhibited a more pronounced nucleate boiling range. We believe that more of the nucleate
boiling range could have been observed with smaller incremental increases in wire power flux.
A longer wire would have facilitated this, but one intrinsic goal was to keep the wire relatively
short. Future work will focus on longer wires, such as those in thermistors and RTDs.
Figure 3.6b,c show the hot wire probe power flux over a range of probe wire
temperatures for binary mixtures of iso-octane/toluene and isopentane/iso-octane, respectively.
Boiling points for all three neat fuels are listed in Table 3.2. In the binary mixtures of fuels with
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large boiling point differences (Figure 3.6a,b), the probe clearly distinguishes the higher and
lower volatility mixtures. Where boiling points are similar (Figure 3.6 c), the probe is much less
effective at discerning volatility differences.
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Figure 3.6b Hot-wire probe distillation results for isopentane/iso-octane binary mixtures.
Volume percent of isopentane is indicated in legend.
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Figure 3.6c Hot-wire probe distillation results for iso-octane/toluene binary mixtures. Volume
percent of iso-octane is indicated in legend.

Gasolines
Shown in Figure 3.7a are power and resistance measured by the probe apparatus for the
six gasoline blends used in this phase of the research. In Figure 7b are distillation curves of the
same fuel blends, generated per the industry standard ASTM D86 distillation test. The legends
in both graphs delineate the fuels by driveability index (DI = 1.5T 10 + 3T 50 + T 90 ). The various
blends were generated by heating commercially available pump gasoline under various
conditions to selectively drive out light ends. These probe measurements were taken in the film
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boiling regime. Power-resistance comparisons are used here because those are the likely values
that would be measured by vehicular electronics. The probe shows good agreement with the
distillation curves. Comparing results from both techniques, the three blends that have very
similar ASTM distillation profiles (B, C and D) have similar signatures as measured by the
probe. Likewise, the probe is able to quantitatively discern blends with distinctly different
distillation profiles in much the same fashion as the D86 technique.

Figure 3.7a Hot-wire probe distillation results for gasoline of various distillation profiles.
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Figure 3.7b Corresponding ASTM D86 distillation profiles.
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Conclusions
This work was a proof of concept for a distillation testing and volatility-sensing probe,
physically based on measuring the amount of boiling heat transfer from a heating element at a
given

temperature.

Testing

with

binary

mixtures

of

known

ratios

of

isopentane/toluene/isooctane, the probe was able to quantitatively discern the differences in
volatility of the mixtures and distillation profiles could be developed from the experimental
results. It was determined that the most effective regime for probe operation was that of film
boiling.
The probe was also tested with six gasoline blends of different volatilities and its results
were compared to those obtained from the industry standard ASTM D86 distillation test. The
probe was able to distinguish fuel blends of different distillation profile in much the same way
as the D86 test. Blends that had similar D86 distillation profiles generated similar profiles with
the hot-wire probe. Likewise, the probe results varied in magnitude with near identical trends to
the D86 results.
Future work includes developing a method to numerically correlate results from the
probe with those generated via D86 testing; optimizing and miniaturizing the probe; and
validating the probe results with engine testing for startability and driveability. In addition, a
residual plot of hot-wire vs D86 will be necessary to produce a visual comparison.
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CHAPTER 4
ADDRESSING THE STARTABILITY OF BUTANOL/GASOLINE FUEL BLENDS: THE
ACTIVE VAPOR UTILIZATION SYSTEM
Submitted to ASME, under review

Abstract
The Active Vapor Utilization System (AVUS) was developed to simultaneously reduce
both evaporative and tailpipe emissions from motor vehicles. The AVUS produces liquid fuel
from normally occurring tank vapor, for exclusive use during the starting and warm-up periods.
The system can process hydrocarbon vapors during refueling, hot soaks, diurnal temperature
swings and during normal drives (running losses), considerably reducing evaporative
hydrocarbon emissions. The goal of this study was to compare AVUS condensate (starting fuel)
generated from butanol/gasoline blends to pump gasoline, E85 and the AVUS condensates
produced from them. Comparisons were performed via ASTM D86 distillation testing. The
gasoline/butanol blends were 20, 40, 60 and 80 % butanol concentration by volume. Startability
of the Bu20 should compare favorably to that of gasoline: T 10 of both fuels was measured at
52 oC. The more concentrated butanol blends had considerably higher T 10 values, ranging from
60 oC butanol 40 parent (Bu40) to 96 oC butanol 80 parent (Bu80), implying difficult starting
character. The AVUS condensates generated from the butanol blends, however, exhibited much
higher volatility, exceeding that of the pump gasoline. The measured T 10 values for the butanol
20 condensate (cBu20) - butanol 80 condensate (cBu80) were 34 oC- 44 oC. Notably, T 50 for the
Bu60 condensate was comparable to that of gasoline. No engine tests were performed in this
work, but indications are that the Active Vapor Utilization System can produce suitable starting
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fuels from high-concentration butanol/gasoline blends.

Introduction
The environment is besieged by an ever present threat; this silent but potently
environmentally deadly enemy is Hydrocarbon (HC) emissions. There are many types of HCs
that are emitted into the air breathed by many biological life-forms on our planet humans,
animals and plants. All of these life-forms require a clean atmosphere in order to survive. This
survival is in jeopardy as the toxic agents that exist in the various types of HCs are emitted from
the ever increasing amount of vehicles and fossil fuel burning sources in use today. The sources
are endless for statistical data that shows HC emissions have risen with the rise of the motor
vehicle.
Governments the world over have commissioned various studies of this phenomena and
its potentially hazardous effects on the environment. The U.S. Environmental Protection Agency
(EPA) found that volatile organic compounds emitted by highway vehicles contributed 20 % to
the total national emissions second only to industrial processes [4.8]. These volatile organic
compounds (VOC) are generated from incomplete combustion of fuel in modern day vehicles
and are emitted via the tailpipe. Some VOC are emitted due to the vapors from the fuel in the
fuel tank and are called evaporative emissions. It is important that we identify the main and
probable causes of these emissions in modern vehicles in order to stem the emissions in a way
that is both feasible and affordable.
Some facts help illuminate the current dilemma:
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(a) Cold-start period: in these first 60-90 seconds of an engine running after an initial start nearly
60-95 % of all tailpipe HC emissions are generated as was found during emissions certification
testing([4.3], [4.9]).
(b) Conservative figures have shown that Evaporative HC emissions are 3-4 times higher than
tail pipe emissions [4.12].
(c) One study found that by using an onboard fuel preprocessor that collected the volatile
fractions of gasoline for use during the starting – tailpipe HC emissions could be reduce by 80 %
[4.3]. This research found that an ideal starting fuel would contain HC species no heavier than
C6.
(d) Vapor in a vehicle fuel tank consists of the lightest fractions of gasoline. The vapor above the
liquid gasoline at 21 °C was found to be dominated by three highly volatile species of HC,
namely: isobutane (2-methylpropane), n-butane and isopentane (2-methylbutane). These
collectively accounted for 78 % of the vapor composition [4.13].
(e) The age of the vehicle has been found to be a factor as well. It has been found that old
vehicles have disproportionately higher evaporative and tailpipe hydrocarbon emissions ([4.6],
[4.7], and [4.14]).
As the above evidence shows it is indeed possible to reduce HC emissions within a
reasonable framework, both tailpipe and evaporative emissions can be eliminated with changes
to current motor vehicles. The use of fuel tank vapor is another way that the starting process of a
vehicle can be improved to reduce HC emissions. It should be stated that were the fuel tank
vapors to be recovered for use as starting fuel one could eliminate both fuel evaporation and cold
start HC emissions simultaneously.

49

Butanol
Today the need for alternate fuel sources is paramount. In a world where the environment
is constantly under threat due to the release of hydrocarbons during the burning of fossil fuels in
motor vehicles, it has become ever clearer that the current fuels are unsustainable and limited.
This has led to cutting edge research being done in various fields to remedy this problem.
Butanol, C 4 H 10 O, also known as Butyl Alcohol, is a renewable fuel that can be created from
biodegraded matter and plants and has characteristics that make it closer to gasoline than to
alcohols such as methanol or ethanol.
It is because of these characteristics that butanol is becoming a prospective mainstream
alternative fuel as source matter is readily available. However, when compared to regular
unleaded gasoline butanol is currently more expensive due to the production methods currently
being employed to produce it [4.16]. These combine to make butanol a feasible alternative fuel
for current technology that uses gasoline. Butanol has a lower vapor pressure than other alcohol
fuels and is not as corrosive as its alcohol fuel cousins: methanol and ethanol. This makes for a
motor fuel that does not damage fuel tanks and storage tanks and thus making it safer to
transport. Compared to gasoline in Table 4.1, butanol is found to have lower vapor pressure but
2.3 times higher latent heat.
Recent research has focused on the use of butanol as a motor fuel. Among them Alasfour
([4.1], [4.2], [4.5]) conducted extensive studies on butanol-gasoline blends. A 30 % butanolgasoline blend was used in a single-cylinder engine [4.1] to measure engine efficiency at
different equivalence ratios. The results showed a 7 % reduction of power when compared to the
same engine fueled with gasoline. The experimental results show that the engine thermal
efficiency was decreased when fueled with alcohol-gasoline blend. In another study [4.2],
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Alasfour described NOx emissions as a function of equivalence ratio. For equivalence ratios
between 0.9 and 1.05, the results showed a 9 % decrease in NOx emissions when a 30 %
butanol-gasoline blend was used. Bata et al [4.5] demonstrated in their studies that the use of
butanol-gasoline blends results in better thermal efficiency than is achieved with
methanol/gasoline and ethanol/gasoline blends.
Table 4.1.Gasoline and butanol physical properties
Items

Gasoline

Butanol

Molecular formula

C 5 ~C 11

C 4 H 10 O

LHV/ (MJ/L)

32.5

29.2

Vapor Pressure/ (kPa)

13.789

2.275

Latent heat /(kJ/kg)

310~340

750

Stoichiometric AFR

14.6

11.1

Density (kg/m3)

760

927

The purpose of this study was to demonstrate the feasibility of the AVUS system with
using butanol/gasoline blends. Ashford et al [4.4] determined the feasibility of the AVUS
concept with respect to generating a suitable cold starting fuel from normally occurring tank
vapor. The test fuel was summertime blend pump gasoline (87 octane rating), bought from a
nearby station. It was found that the AVUS system can produce from normally occurring fuel
tank vapors a highly volatile fuel that should improve combustion stability and reduce emission
during the starting and warm-up periods. Ashford et al [4.4] also found that the AVUS worstcase power consumption was estimated at 2.5 kW, well below the 7+ kW typically demanded by
automotive accessories such as power steering and air conditioning [4.10].
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Experiment Setup
The laboratory-scale version of the AVUS as used in [4.4] is depicted in the schematic in
Figure 4.1.
A 15 liter aluminum fuel cell represented the main fuel tank; the fuel cell was heated by
two hot plates situated underneath a ~20 mm thick aluminum heat spreader. A pump circulated
fuel within the tank to further help prevent local hot spots. The test fuel was heated to moderate
temperatures typical of those induced by diurnal, hot-soak and running-loss conditions. Diurnal
losses are induced by the daily sun cycle. Hot-soak losses result from heat buildup immediately
after vehicle shutdown. Running losses occur during normal vehicle operation; vaporization is
driven by radiation from hot pavement, the hot exhaust system in close proximity to fuel tank,
etc. Refueling losses are caused by vapor displacement during fuel replenishment. Note that
proper simulation of refueling losses would require a full-size fueling system, and was outside
the scope of this proof-of-concept project. A nitrogen purge was used to displace air within the
test tank before each test. The test fuel was summertime blend pump gasoline (87 octane rating),
purchased from a nearby fuel station and four different butanol to gasoline fraction (Bu20, Bu40,
Bu60 and Bu80). E85 was used for comparison purposes. Each test began with 5 L of fresh
parent gasoline, all sourced from a single batch that was stored sealed in controlled environment
to preclude testing complications that would arise from normal day-to-day variability in the local
fuel supply.
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Figure 4.1. Schematic of the laboratory-scale AVUS, with pressure transducer (P) and
thermocouple (T) mounting locations identified.
The (dual-stage, diaphragm-actuated 800 kPa capacity) compressor was activated when
the fuel tank pressure reached a preset value (110 kPa absolute), simulating the action of a
conventional fuel system, where the combustion of canister vapors is typically commanded when
fuel tank pressure exceeds a certain amount. Employed downstream of the compressor was a 200
W thermoelectric cooler acting as a condenser. Finally, at the condenser exit was a simple singlestage vapor/liquid separator. A solenoid valve atop the separator was periodically activated when
pressure exceeded 700 kPa absolute to release noncondensables.
The fuel tank temperature was held constant for the tests, each lasting until at least 500
mL of condensate was generated, or until an hour elapsed. Samples were taken of the parent fuel,
the condensate generated and the residual fuel remaining in the main fuel tank. Prior to sample
collection, the condensate was chilled to a temperature below 4 °C to minimize vapor loss
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(AVUS condensate typically boils at room temperature). The parent and residual fuels were
sampled at ambient temperature and pressure. Distillation profile testing was performed per
ASTM D86 using a Koehler Instruments K45000 Front View Distillation Apparatus. The
condensate was Group 0; parent and residual fuels were Group 1. Throughout the duration of
AVUS operation and D86 testing, the laboratory ambient temperature was 21 °C -23 °C.

Results and Discussion
Distillation profile
Figure 4.2 shows three sets of distillation curves for AVUS fuel samples taken from
running loss simulations conducted at main tank temperatures of 40 °C. On each graph are parent
fuels from all tests and the corresponding condensates (b) and residual fuels (c). Boiling points of
species commonly found in gasoline are displayed as well.
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Figure 4.2a. - AVUS parent distillation curves
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Figure 4.2b- AVUS condensate distillation curves
Startability of the butanol 20 (Bu20) should compare favorably to that of gasoline: T 10 of
both fuels was measured at 52 oC. The more concentrated butanol blends had considerably
higher T 10 values, ranging from 60 oC (Bu40) to 96 oC (Bu80), implying difficult starting
character. The AVUS condensates generated from the butanol blends, however, exhibited much
higher volatility, exceeding that of the pump gasoline. The measured T 10 values for the
condensates cBu20-cBu80 were 34 oC-44 oC. Notably T 50 for the cBu60 was comparable to that
of gasoline.
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Figure 4.2c. - AVUS residual distillation curves
The AVUS residuals are generally not much less volatile than their respective parent
fuels, suggesting that the mass of volatile species lost by the main fuel tank is not significant.
The distillation character of both the condensates and residual fuels display a noticeable level of
temperature dependence. Lower main fuel tank temperatures shift vaporization toward the lighter
species. The opposite is true for higher tank temperatures. The net result is that higher main tank
temperatures generate heavier condensates and deplete more light-ends from the main tank,
leading to heavier residual fuels.
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Driveability Index (DI) is a common measure of fuel volatility, where DI = 1.5T 10 + 3T 50 + T 90 .
T nn represents the temperature at which nn % of a multicomponent fuel vaporizes when heated
per the ASTM D86 protocol. Lower DI values correspond to higher volatility. From table 4.2, it
can be seen that cBu20 has the lower Driveability Index which implies that it has a higher
volality than the others.
A complete summary of the distillation data is presented in Table 4.2a to Table 4.2b
Table 4.2a.Distillation data of AVUS parent fuels
T 10

T 50

T 90

DI [oC]

Gasoline parent

52.22

94.44

183.33

544.98

Bu20 parent

52.22

105.56

168.89

563.89

Bu40 parent

60

105.56

122.22

528.89

Bu60 parent

70

114.44

119.44

567.76

Bu 80 parent

95.56

116.67

117.78

611.13

70

78.06

79.17

418.35

Sample

E85 parent

Table 4.2b.Distillation data of AVUS condensate fuels
T10

T50

T90

DI [oC]

cGasoline

34.44

42.78

71.11

251.11

cBu20

33.89

42.22

68.89

246.385

cBu40

34.44

44.44

89.44

274.42

cBu60

36.67

48.33

103.33

303.325

cBu80

44.44

65.56

116.67

380.01

cE85

48.89

75

78.89

377.225

Sample
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Conclusions
The AVUS system can produce – from normally occurring fuel tank vapors – a highly
volatile fuel that should improve combustion stability and reduce emissions during the starting
and warm-up periods. It was found that startability of the butanol 20 (Bu20) should compare
favorably to that of gasoline: T 10 of both fuels was measured at 52 oC. The more concentrated
butanol blends had considerably higher T 10 values, ranging from 60 oC (Bu40) to 96 oC (Bu80),
implying difficult starting character. The AVUS condensates generated from the butanol blends,
however, exhibited much higher volatility, exceeding that of the pump gasoline. The measured
T 10 values for the condensates cBu20-cBu80 were 34 oC-44 oC. Notably, T 50 for the butanol 60
condensate (cBu60) was comparable to that of gasoline.
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CHAPTER 5
FUEL PREPROCESSOR MODELLING WORK USING THE PENG ROBINSON EQUATION
OF STATE

Abstract
A single equation of state (EOS) such as the Peng-Robinson EOS can precisely describe
both the liquid and vapor phase. Such an application of state is presented, including estimation of
pure component properties and computation of vapor-liquid equilibrium (VLE).
Lastly, we solved a flash distillation problem for a mixture of hydrocarbons (n-butane,
isopentane, toluene, isooctane and decane) using the Rachford – Rice equation. The phi-phi
technique based on the Peng Robinson equation of state was used to calculate the equilibrium
constants. All results were in agreement with those given by NIST Thermophysical Properties of
Hydrocarbon Mixtures Database (SUPERTRAPP Software).
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Introduction
The automobile is one of the most depended on machines of the 21st century; it has
affected how we live in both positive and negative ways and has changed human society as a
result. With an ever increasing number of automobiles being used on American roads it has been
found that automobiles are significant contributors to the emission of Hydrocarbons (HC)
nationwide. The U.S. Environmental Protection Agency (EPA) in 2010 found that volatile
organic compounds (VOC) emitted by highway vehicles contributed 20 % to the total national
emission, second only to industrial process [5.4]. Hydrocarbon emissions occur when
automobiles undergo transient operation, in particular when cold-starting. During a cold-start
there is a rapid change in pressure and temperature which causes HC to be emitted. It has also
been found that 60-95 % of HC emission is tailpipe emission [5.1, 5.12, and 5.21].
Also the geographical origin of the gasoline is an important factor when it comes to the
volatility of the gasoline; this is also affected by the seasonal blend of the gasoline.
Dependent on the fuel type the amount of fuel vaporization varies accordingly. This
affects starting temperatures and may lead to the need to over fuel in order to generate a
combustible mix. Most car computers are not programmed to recognize the type of fuel that is in
use and therefore cannot compensate for the difference in volatility of the gasoline automatically.
These onboard computers are usually programmed to assume certain scenarios like hesitation
fuel. Hesitation fuel is the lowest volatility fuel typically expected to be found in the fuel supply.
During a cold start, due to this lack of functionality, fueling can be 10-20 times the
stoichiometric amount [5.1, 5.12, and 5.21].
The problem of the fueling inaccuracy is not limited to cold start transient, but also can
occur in engines at operation temperature, where some of the injected fuel join intake port and
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in-cylinder fuel films. The Fuel films mass and mass rate of change are a function of pressure,
temperature and fuel composition. When throttle opening transients occur there is an increase in
pressure, this causes the film mass to grow and a lean excursion is created unless additional fuel
is injected to compensate for this. However, when throttle closing transients occur rich
excursions are formed due to the decrease in fuel film.

Fuel Major Component Model
To carefully design a multi-component fuel that would model California’s Phase II
gasoline, researchers from Massachusetts Institute of Technology (MIT) divided hundreds of
gasoline components into various groups based upon the carbon number and the type of organic
compound (alkanes, alkenes, aromatics). After being separated, the components in the various
groups were characterized by the species with the greatest abundance of the group. That
particular species carries the weight percentage for the whole group. The distillation curve that
resulted from 15 component fuels was compatible with California Phase II reformulated gasoline
actual distillation curve [5.22].
In a study conducted at Doshisha University to model the evaporation process for multicomponent fuels, Senda et al [5.23] discovered that hydrocarbons having lower boiling points
evaporate at temperatures greater than their own boiling point and hydrocarbons with higher
boiling points actually evaporate at temperatures lower than their own boiling points. It is
apparent that heavier hydrocarbons inhibit the evaporation of lighter hydrocarbons. For
temperatures lower than 60 oC, the relatively small percentage of light hydrocarbons was
constricted in the mixture by heavier hydrocarbons. Vapor condensate was not able to form
[5.23]. The major component fuel was formulated for modeling and measuring the evaporative
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process of multi-component fuels and was not formulated to copy the composition of standard
commercial gasoline.
A major component fuel model for AVUS testing was formulated to contain 25 % isopentane, 22.5 % iso-octane, 17.5 % toluene, 17.5 % heptanes, and 17.5 % hexane by volume. It
was tested with AVUS and the production rates of the condensate were similar to that of
commercial gasoline. This fuel contained 45.5 % lights ends while MIT fuel contained about 43
% light ends. The mix of light hydrocarbons is also similar; however, the MIT fuel contains a
very small percentage of heavier hydrocarbons that the UA fuel does not contain. The UA five
component fuel should simplify analysis while reasonably mirroring commercial gasoline.
Isopentane, hexanes, n-heptane, 2,2,4 trimethylpentane, toluene, and anhydrous ethanol were
used to produce the UA five component fuel and its E85. Species were determined and blended
using 500 mL graduated cylinders [5.11].
A comparison of various fuel compositions is shown in Table 5.1. The components are
categorized by carbon numbers and aromatics. Researchers from MIT added 13 % methyl
tertiary butyl ether (MTBE) to the fuel to increase octane rating. A spill of MTBE at a gas station
can contaminate large amounts of groundwater because it easily dissolves in water. Due to this
environmental threat, it is no longer being implemented. MTBE is listed under C5 for fuel
comparisons.
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Table 5.1.Comparisons of Major Component Fuels by Carbon Number ([5.15],
[5.21]), [5.23])
Component

Santoso- MIT

Senda- Doshisha U

UA Fuel

(% mol)

(% mol)

(% mol)

C4

2.0

4.0

C5+MTBE

29.6

35.0

28.2

C6

10.6

12.0

17.3

C7

11.9

6.0

15.5

C8

16.1

12.0

17.6

C9

2.6

C10

0.7

C11

0.4

C12

0.3

MTBE

13

Aromatics

25.8

30.0

21.4

Problem Statement
Several techniques for estimating fuel volatility at engine operating conditions have been
developed. The majority of these models utilize surrogate fuels with a restricted number of
components (<20) to represent gasoline ([5.2], [5.13], [5.21]). The principal purpose of this work
is to develop an algorithm that can compute fuel volatility via the principles of phase
equilibrium. More specifically, if the liquid fuel composition is known, the algorithm will
calculate the composition of liquid and vapor fuel at any given temperature and pressure. The
problem statement is illustrated schematically in Figure 5.1.
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Figure 5.1 Depiction of the problem statement
The basic algorithm is comprised of two modules, a cubic equation of state for predicting
phase equilibrium and the Rachford-Rice equation to determine fuel composition. The 1978
version of the Peng-Robinson Equation of State (EOS) (hereafter referred to as PR78) is
employed for phase equilibrium calculations ([5.15] [5.20]).

Estimation of pure component properties
The Peng-Robinson equation of state (PR EOS) originally developed in 1976 [5.15] was
proposed in order to satisfy the following objectives:
•

Parameters had to be expressed in terms of the critical properties and the acentric factor.

•

Provide reasonable accuracy near the critical point, particularly for calculations of the
compressibility factor and liquid density.

•

A single binary interaction parameter, which should be independent of composition and
temperature pressure, is required for the mixing rules.
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The PR78 model
For a pure component, the PR78 EOS is
𝑃=

𝑅𝑇
𝑎𝑖 (𝑇)
−
𝑣 − 𝑏𝑖 𝑣(𝑣 + 𝑏𝑖 ) + 𝑏𝑖 (𝑣 − 𝑏𝑖 )

(1)

with
𝑅 = 8.314475
𝑏𝑖 = 0.07780
𝑎𝑖 = 0.45724

𝐽
𝑚𝑜𝑙 ∗ 𝐾

𝑅𝑇𝑐,𝑖
𝑃𝑐,𝑖

(𝑅𝑇𝑐𝑖 )2
2
�1 + 𝑚𝑖 �1 − �𝑇𝑟 ��
𝑃𝑐𝑖
𝑇𝑟 =

𝑇
𝑇𝑐,𝑖

(2)

(3)

(4)

and

𝑖𝑓 𝑤𝑖 > 0.491, 𝑚𝑖 = 0.379642 + 1.48503𝑤𝑖 − 0.164423𝑤𝑖2 + 0.01666𝑤𝑖3
𝑖𝑓 𝑤𝑖 ≤ 0.491, 𝑚𝑖 = 0.37464 + 1.54226𝑤𝑖 − 0.26992𝑤𝑖2

(5a)
(5b)

where P is the pressure, R is the ideal gas constant, T the temperature, v the molar volume, T c the
critical temperature, P c the critical pressure, and w the acentric factor.
The PR78 EOS is used in this paper. To apply such EOS to mixtures, mixing rules are
used to compute the values a and b of the mixtures. Classical mixing rules are considered,
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𝑁

𝑁

𝑎 = � � 𝑧𝑖 𝑧𝑗 �𝑎𝑖 𝑎𝑗 �1 − 𝑘𝑖𝑗 (𝑇)�
𝑖=1 𝑗=1

(6)
𝑁

𝑏 = � 𝑧𝑖 𝑏𝑖
𝑖=1

where z k represents the mole fraction of component “k” in a mixture and N the number of
components in the mixture. In Equation (6), the summations are over all chemical species. k ij (T)
is the binary interaction parameter characterizing molecular interactions between molecules “i”
and “j”. When i = j, k ij = 0. In order to get a predictive model and to describe the PR78 model
(predictive, 1978 PR EOS) k ij , which depends on temperature, is solved by a group contribution
method through the Equation (7).

𝐵𝑘𝑙

𝑘𝑖𝑗 =

2

�𝑎𝑖 (𝑇) �𝑎𝑗 (𝑇)
1 𝑁𝑔 𝑁𝑔
298.15 �𝐴𝑘𝑙 −1�
∑𝑙=1�𝛼𝑖𝑘 − 𝛼𝑗𝑘 ��𝛼𝑖𝑙 − 𝛼𝑗𝑙 � �
− 2 �∑𝑘=1
�
�
−
�
−
�
𝑇
𝑏𝑖
𝑏𝑗
2

(7)

��𝑎𝑖 (𝑇). 𝑎𝑗 (𝑇)�
𝑏𝑖 ∗ 𝑏𝑗

More details on Equation (7) can be found in Refs. ([5.6-5.10], [5.14], [5.16-5.19], [5.24-5.25]).
The PR78 model is thus defined by Equations (1)-(7).
In Equation (7), T is the temperature; a i and b i are simply computed by Equations (2)-(5).
N g is the number of different groups defined by the technique (N g = 13 in this paper). In this
study, the elementary groups considered are shown in Table 5.2.
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Table 5.2. Elementary groups
Group

Molecule

1

CH 3

2

CH 2

3

CH

4

C

5

CH 4

6

C 2 H6

7

CH aro

8

C aro

9

C fusedAro

10

CH 2 cyc

11

CH cyc ,C cyc

12

CO 2

13

N2

For example n-butane can be divided into 2 groups 1 (CH 3 ), 2 groups 2 (CH 2 ) and 0 group
3,4,5,6,7,8,9,10,11,12, and 13.
Α ik is the fraction of molecule i occupied by group k (occurrence of group k in molecule i
divided by the total number of group present in molecule i). A kl =A lk and B kl =B lk (where k and l
are two different groups) are constant parameters (A kk =B kk =0). The corresponding values of A kl
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and B kl are given in Appendix D. More description of obtaining Akl and B kl can be found in
papers by Privat et al., ([5.16]-[5.19]) and Jaubert et al., ([5.5-5.10]).

Vapor-Liquid Equilibrium
The vapor liquid equilibrium of a mixture can be computed using the Peng Robinson
equation of state. The liquid and vapor mole fraction are related by

where K i is the equilibrium constant.

𝑦𝑖 = 𝐾𝑖 𝑥𝑖

(8)

The Peng Robinson equation of state is part of a family of equation named cubic because
the compressibility factor (Z) is a key of the following cubic equation written for a
multicomponent mixture where we have used the mixing and combining rules,
𝑍 3 + (1 − 𝐵)𝑍 2 + (𝐴 − 3𝐵 2 − 2𝐵)𝑍 + (−𝐴𝐵 + 𝐵 2 + 𝐵 3 ) = 0

(9)

where

𝐶

𝐶

𝐶

𝐶

𝐴 = � � 𝑦𝑖 𝑦𝑗 𝐴𝑖𝑗 𝑜𝑟 � � 𝑥𝑖 𝑥𝑗 𝐴𝑖𝑗 = 0
𝑖=1 𝑗=1

(10)

𝑖=1 𝑗=1

𝐴𝑖𝑗 = �𝐴𝑖 𝐴𝑗 �

0.5

�1 − 𝑘𝑖𝑗 � = 0

(11)

𝐵 = � 𝑦𝑖 𝐵𝑖 𝑜𝑟 � 𝑥𝑖 𝐵𝑖 = 0

(12)

𝐶

𝑖=1

𝐶

2

𝑖=1

𝐴𝑖 = 0.45724 ∗ �1 + 𝑚𝑖 �1 − �𝑇𝑟 �� ∗

𝑃𝑇𝑐𝑖 2
𝑃𝑇𝑐𝑖
𝑎𝑛𝑑
𝐵
=
0.07780
𝑖
𝑃𝑐𝑖 𝑇 2
𝑃𝑐𝑖 𝑇

(13)

where m i can be obtained from (5a) and (5b) and the binary interaction parameter, k ij is obtained
from Equation (7). The equilibrium constants are obtained using the Θ- Θ method
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𝐾𝑖 =
where

∅𝑣𝑖 = 𝑒𝑥𝑝 �(𝑍𝑣 − 1)
−

∅𝑙𝑖
𝑓𝑜𝑟 𝑖 = 1 𝑡𝑜 𝐶
∅𝑣𝑖

𝐵𝑖
− 𝑙𝑛(𝑍𝑣 − 𝐵)
𝐵

(14)

(15)

2 ∑𝑗 𝑦𝑗 𝐴𝑖𝑗 𝐵𝑖
𝑍𝑣 + �1 + √2�𝐵
�
− � 𝑙𝑛 �
��
𝐴
𝐵
2√2𝐵
𝑍𝑣 + �1 − √2�𝐵
𝐴

A related expression is obtained for the liquid phase fugacity coefficient,∅𝑙𝑖 , by changing

the gas phase compressibility factor, 𝑍𝑣𝑖 with 𝑍𝑙𝑖 . These compressibility factors are the largest

and smallest roots of Equation (9). As a final point, we perform a flash calculation to obtain the
vapor fraction by using Rachford and Rice equation. This famous equation is given below
𝑐

�
𝑖

𝑧𝑖 (𝐾𝑖 − 1)
=0
1 + ∅(𝐾𝑖 − 1)

(16)

Where z i is the mole fraction of component i in the feed. The MATLAB commands for the VLE
data are given in Appendix A.

Results and Discussion
In order to test the precision of the algorithm, its predicted fuel mixtures were input into
the NIST SUPERTRAPP [5.7] vapor-liquid equilibrium program to compare calculated HC
concentrations. Tests were conducted with different mixture blends. The mixture fuel blend was
a combination of n-butane, isopentane, toluene, 2,2,4-trimethylpentane, and n-decane. The
proposed mixture ingredients were butane, isopentane (methylbutane), toluene, iso-octane (2, 2,
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4-trimethylpentane) and decane, chosen because they collectively account for the majority the
content of commercially available pump gasoline. In addition, these components cover the
majority of the boiling point range of gasoline. The fuel blend was tested at temperature of
300 K. The pressure was held constant at 100,000 Pa throughout all the tests. This was done
because the initial pressure for engine starts is usually atmospheric pressure. The SUPERTRAPP
computations are considered the reference standard here, as its precision has been verified in
literature ([5.3], [5.21]). The results of the simulation can be found in Table 5.3a and Table 5.3b.
Table 5.3a.SUPERTRAPP simulation results for the mixture (n-butane, isopentane, toluene, 2,
2, 4-trimethylpentane, and n-decane) at 300 K and 1 bar
Component

Feed

Liquid

Vapor

n-butane

0.33

0.306405

0.023594

isopentane

0.165

0.160221

0.00478

toluene

0.165

0.164692

0.000307

2,2,4-trimethylpent

0.175

0.174555

0.000444

n-decane

0.165

0.164989

1.09551*10^-5
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Table 5.3b.Algorithm simulation results for the mixture (n-butane, isopentane, toluene, 2, 2, 4trimethylpentane, and n-decane) at 300 K and 1 bar. Values are giving as percentage error
compare to SUPERTRAPP values.
Component

Feed

Liquid (% error)

Vapor (% error)

n-butane

0.33

3.263

0.041

isopentane

0.165

6.241

0.212

toluene

0.165

6.061

3.357

2,2,4-trimethylpent

0.175

5.728

2.164

n-decane

0.165

6.607

91.281

The vapor composition for n-decane shows order of magnitude of 10-5 which is very
small compare to other fuels which can be explain from the fact that 300 K temperature is much
lower than n-decane boiling point. Therefore, absolute error even though small would result into
significantly higher percentage error.
Table 5.4a. 1-Kij values for different Hydrocarbons. These values were obtained using the
algorithm.
n-butane

Isopentane

Toluene

224TMP

n-decane

n-butane

1

1.1826

-3.8528

0.8137

0.7363

Isopentane

1.1826

1

0.674

1.1223

0.9865

Toluene

-3.8528

0.674

1

1.008

1.0166

224TMP

0.8137

1.1223

1.008

1

0.9948

n-decane

0.7363

0.9865

1.0166

0.9948

1
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Table 5.4b. 1-Kij values for Hydrocarbons. These values were obtained using SUPERTRAPP
software
n-butane

Isopentane

Toluene

224TMP

n-decane

n-butane

1

0.997

0.995

0.986

1.003

Isopentane

0.997

1

0.996

0.992

1.010

Toluene

0.995

0.996

1

0.979

1.012

224TMP

0.986

0.992

0.979

1

1.018

n-decane

1.003

1.010

1.012

1.018

1

Conclusions
A simple flash calculation of a mixture of hydrocarbon using the Rachford-Rice equation
with the capability of predicting liquid fuel composition has been established throughout in this
paper. The algorithm has proven to be very effective and relatively precise.

73

CHAPTER 6
CONCLUSIONS

Present research work involved combination of theoretical, experimental and
computational studies to obtain insight of the theory behind AVUS, a new sensor that was
capable of determining a distillation of a motor fuel, and the development of an algorithm that
computed the fuel volatility via the principles of phase equilibrium. Important conclusions of this
study are given as follows.


The starting fuel produced by AVUS is highly volatile, with a vaporization rate nearly
twice that of isopentane, one of the most volatile constituents of pump gasoline. By
comparison, the initial boiling point temperature of its parent gasoline corresponds to the
temperature at which up to 70 % of AVUS condensate will vaporize.



There was very good agreement between distillation profile generated by the sensor wire
probe vs that generated by the D86 method. This study validated the concept of a hotwire volatility sensor, essentially a miniature on-board distillation tester.



It was determined that the most effective regime for sensor wire probe operation was that
of film boiling.
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The AVUS condensates generated from the butanol blends, however, exhibited much
higher volatility, exceeding that of the pump gasoline. The measured T 10 values for the
condensates butanol 20 (cBu20) - condensate butanol 80 (cBu80) were 34 oC-44 oC.
Notably, T 50 for the butanol 60 condensate was comparable to that of gasoline.



A flash calculation of a mixture of hydrocarbon using the Rachford-Rice equation with
the capability of predicting liquid fuel composition has been established throughout in
this paper. The algorithm has proven to be very effective and relatively precise.
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CHAPTER 7
FUTURE SCOPE AND RECOMMENDATIONS

Recommendations for future work with the AVUS system are summarized in the
following:


Develop a standardized cold-start engine dynamometer test procedure to determine the
best ways to exploit any starting fuels.



Cold start emission testing should be performed on the AVUS condensate to quantify the
emissions reductions that the system can provide. These tests should be conducted on a
test engine first and then later performed on vehicle.



Implement the system on a vehicle


Analyze the amount of vapor that can be generated and collected on-vehicle
during different periods over the year. This will decide if the system can produce
enough starting fuel to consistently start a vehicle, or if artificial vapor generation,
such as a small submerged heater in the fuel tank, needs to be employed.



Conduct Sealed Housing for Evaporative Determination (SHED) testing with the
system running to quantify the reduction in evaporative emissions.



Test the AVUS condensate system in a vehicle running the FTP drive cycle to
determine cold starting emission reductions.



AVUS performance with alcohol-gasoline blended fuels.
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Recommendations for future work with the sensor system are summarized in the following:


Future work includes developing a method to numerically correlate results from the probe
with those generated via D86 testing; optimizing and miniaturizing the probe; and
validating the probe results with engine testing for startability and driveability.



Different geometries of sensors should be considered to determine its effect on the fuel
volatilities and its discerning abilities.



A real time sensor should be used in a vehicle to estimate the correct amounts of fuel
injection and to reduce emissions.

Recommendations for future work with fuel preprocessor modeling system are summarized in
the following:


Calculate the L/V equilibrium of the composition and the pressure knowing the
temperature.



Future experimental work should have n-pentane as the low-boiling straight-chain alkane.
n-pentane would be better to work with in a lab than n-butane(n-butane will be very hard
to work with in the lab)



Do more research to devise a better simulated gasoline recipe. For example, the
approximate composition could be 15 % C4–C8 straight-chain alkanes (i.e., n-pentane),
25 % to 40 % C4–C10 branched alkanes (i.e., 20 % isopentane + 20 % isooctane), 10 %
cycloalkanes (i.e., cyclopentane), and less than 25 % aromatics (i.e., toluene or xylene
(benzene less than 1.0 %)). Also, 10 % straight-chain and cyclic alkenes (i.e., hexene)
would make a six component mixture which can be achieved experimentally.
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APPENDIX-A
FUEL PREPROCESSOR MODELLING WORK USING THE PENG ROBINSON EQUATION
OF STATE (SOURCE CODE)

84

%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Flash Distillation using The Peng Robinson equation
%
%
of state
%
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%
November 8, 2010
%
%
%
%
Modified by: Mebougna L. Drabo November 29, 2010
%
%
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Function to evaluate PPR78 EOS, as described in Jaubert and Mutelet
%
"VLE predictions with the Peng-Robinson equation of state
%
and temperature dependent kij calculated through a group
%
contribution method" Fluid Phase Equilibria 224 (2004) 285-304.
%
%
Romain Privat, Jean-Nol Jaubert, and Fabrice Mutelet
%
"Addition of the Nitrogen Group to the PPR78 Model
%
(Predictive 1978, Peng Robinson EOS with Temperature-Dependent
%
kij Calculated through a Group Contribution Method)"
%
Ind. Eng. Chem. Res., 2008, 47 (6), 2033-2048
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
For a pure component, Peng-Robinson EoS says
%
%
RT
a
%
P = ------- - ---------------%
(v-b)
v(v+b) + b(v-b)
%
%
%
Z^3 + (B - 1)Z^2 + (A - 3B^2 - 2B)Z + (B^3 + B^2 - AB) = 0
%
%
%
Pr
[
]2
aP
%
A = 0.45724 ------ | 1 + m(1 - sqrt(Tr)) |
=
------
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%
Tr^2
[
]
(RT)^2
%
%
Pr
bP
%
B = 0.77880 ------ = -----%
Tr
RT
%
%
Pv
%
Z = -----%
RT
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%=
%
%
Variables
%
%
Tc
critical temp [K]
%
Pc
critical pressure [bar]
%
w
accentric factor
%
MW
molecular weight
%
P
pressure [Pa]
%
T
temperature [K]
%
a
attraction parameter
%
A
aP/(RT)^2 from Kyle
%
b
van der Waals covolume
%
B
Pb/(RT)
from Kyle
%
Aij, Bij
2D array of group interaction parameters
%
Nmolecules number of molecules
%
Ngroups
number of groups
%
DS
double sum
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
function f=drabo(x)
format long
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Chemistry Data
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
% Component properites :[n2 c4 ic5 tol ic8 c10]
z =[0 0.33 0.165 0.165 0.175 0.165];

% Specify the feed composition here

Tc = [126.1 425.18 460.43 594 543.96 618.45];
Pc = [33.94 37.97 33.81 41.6 25.68 21.23]*1e5;
w = [0.04 0.199 0.228 0.263 0.303 0.484];
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% Tcrit [K]
% Pcrit [Pa]

% Acentric Factor

%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Known Pressure and Temperature
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
P = 1e5; %[Pa]

%
%
T = 300; % [K]
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
R = 8.314472; % J/mol-K
Tre =T./Tc;
Pre =P./Pc;
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
Peng-Robinson parameters
%
%
The m parameter is a combination
%
%
of pr76 and pr78 (for heavier species)
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
m76=0.37464+1.54226*w-0.26992*w.*w;
m78=0.379642+1.48503*w-0.164423*w.*w+0.016666*w.*w.*w;
m=m76.*(w<=0.491) + m78.*(w>0.491);
%m_1=0.37464+1.54226.*w-0.26992.*w.^2;
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Parameters for PR equation
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
a =(1+m.*(1-Tre.^0.5)).^2;
ap = 0.45724.*a.*R^2.*Tc.^2./Pc;
Ap = ap.*P/(R*T)^2;
bp = 0.07780*R*Tc./Pc;
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Bp = P*bp./(R*T);
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Nmolecules=6; % Molecules
Ngroups=13;

% Groups

%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Compute alpha(i,k): fraction of molecule i in group
%
%
k (row,col) (6,13)1st put in the number of groups for %
%
each molecule.
%
%
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
alpha=zeros(Nmolecules,Ngroups);
alpha(1,13)= [1];

% n2

alpha(2,1:2)=[2 2];

% c4

alpha(3,1:3)=[3 1 1];

% ic5

alpha(4,1)

=[1];

alpha(4,7:8)=[5 1]; % tol

alpha(5,1:4)=[5 1 1 1];

% ic8

alpha(6,1:2)=[2 8];

% c10

% now compute (# groups in each molecule)/(# groups in molecule)
for i=1:Nmolecules
alpha(i,:)=alpha(i,:)/sum(alpha(i,:));
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Constant Parameters for k(i,j)calculation
%
%
%
%
%
%
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Aij=zeros(13); Bij=zeros(13);
Aij(1,2)=74.81;
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Bij(1,2)=165.7;
Aij(1,3)=261.5;

Aij(2,3)=51.47;

Bij(1,3)=388.8;

Bij(2,3)=79.61;

Aij(1,4)=396.7;

Aij(2,4)=88.53;

Aij(3,4)= -305.7;

Bij(1,4)=804.3;

Bij(2,4)=315.0;

Bij(3,4)= -250.8;

Aij(1,7)=90.25;

Aij(2,7)=29.78;

Aij(3,7)=103.3;

Aij(4,7)=158.9;

Bij(1,7)=146.1;

Bij(2,7)=58.17;

Bij(3,7)=191.8;

Bij(4,7)=613.2;

Aij(1,8)=62.80;

Aij(2,8)=3.775;

Aij(3,8)=6.177;

Aij(4,8)=79.61;

Bij(1,8)=41.86;

Bij(2,8)=144.8;

Bij(3,8)= -33.97; Bij(4,8)= -326.0;

Aij(1,13)=52.74;

Aij(2,13)=82.28;

Aij(3,13)=365.4;

Aij(4,13)=263.9;

Aij(7,13)=185.2;

Aij(8,13)=284.0;

Bij(1,13)=87.19;

Bij(2,13)=202.8;

Bij(3,13)=521.9;

Bij(4,13)=772.6;

Bij(7,13)=490.6;

Bij(8,13)=1892;

Aij=Aij*1e6;

% units

Bij=Bij*1e6;

% units

Aij=Aij+Aij';

% Aij = Aji

Bij=Bij+Bij';

% Bij = Bji

ai=0.457235529*R^2*Tc.^2./Pc .* (1+m.*(1-(T./Tc).^0.5)).^2;
bi=0.0777960739*R*Tc./Pc;
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
calculating the binary interaction coefficients kij
%
%
%
%
this part of the code was written by Dr Marcus Ashford %
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
kij=zeros(Nmolecules);

%Initialize

for i=1:Nmolecules
for j=i+1:Nmolecules
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% Calculate the double sum
DS=0;
for l=1:Ngroups
for k=1:Ngroups
if Aij(k,l) ~= 0 % Avoid the zero denominator
DS=DS+(alpha(i,k)-alpha(j,k))*(alpha(i,l)-alpha(j,l))...
*Aij(k,l)*(298.15/T)^(Bij(k,l)/Aij(k,l)-1);
end
end
end
DS=DS*(-0.5);
kij(i,j)=(DS-(sqrt(ai(i))/bi(i) - sqrt(ai(j))/bi(j))^2) /
(2*sqrt(ai(i)*ai(j))/(bi(i)*bi(j)));
kij=kij+kij';

% Make symmetric

end
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Calculation using the Peng Robinson Equation of State %
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
for i=1:6
for j=1:6
Ab(i,j)=(Ap(i)*Ap(j))^0.5*(1-kij(i,j));
end
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Av=0;
for i=1:6
for j=1:6
Av=Av+x(i+6)*x(j+6)*Ab(i,j);
end
end
Bv=0;
for i=1:6
Bv=Bv+x(i+6)*Bp(i);
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Bl=0;
for i=1:6
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Bl=Bl+x(i)*Bp(i);
end
Al=0;
for i=1:6
for j=1:6
Al=Al+x(i)*x(j)*Ab(i,j);
end
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Alsum = [0 0 0 0 0 0];
for i=1:6
for j =1:6
Alsum(i)=Alsum(i)+x(j)*Ab(i,j);
end
end
Avsum = [0 0 0 0 0 0];
for i = 1:6
for j=1:6
Avsum(i)=Avsum(i)+x(j+6)*Ab(i,j);
end
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Liquid and gas phase compressibility factors
%
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Zv=max(roots([1 -1+Bv Av-3*Bv^2-2*Bv -Av*Bv+Bv^2+Bv^3]));
% ZZv = roots([1 -1+Bv
%
% ZZv = real(ZZv);
%
% Zv = max(ZZv);

Av-3*Bv^2-2*Bv

-Av*Bv+Bv^2+Bv^3]);

%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
Zl=min(roots([1 -1+Bl Al-3*Bl^2-2*Bl -Al*Bl+Bl^2+Bl^3]));
% ZZl= roots([1 -1+Bl
%
% ZZl = real(ZZl);
%
% Zl = min(ZZl);

Al-3*Bl^2-2*Bl

-Al*Bl+Bl^2+Bl^3]);
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%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
calculating the fugacity coefficient of the vapor
%
%
and liquid
%
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
phiv=exp((Zv-1).*Bp/Bv-log(Zv-Bv)...
-Av/(2*sqrt(2)*Bv)*log((Zv+(1+sqrt(2))*Bv)/(Zv+(1-sqrt(2))*Bv)).*...
(2.*Avsum./Av-Bp./Bv));
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
phil=exp((Zl-1).*Bp/Bl-log(Zl-Bl)...
-Al/(2*sqrt(2)*Bl)*log((Zl+(1+sqrt(2))*Bl)/(Zl+(1-sqrt(2))*Bl)).*...
(2.*Alsum./Al-Bp./Bl));
Ker=phil./phiv;
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
calculating the system equation
%
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%f(i)= x(i+6)-K(i)*x(i) and yi = Ki*xi are the same equation which
%represents VLE relationship for component i. x(i+6) is in reality y(i)
for i=1:6
f(i)=x(i+6)-Ker(i)*x(i);
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
for i=1:6
f(i+6)=x(i)-z(i)/(1+x(13)*(Ker(i)-1)); % See equation from paper
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
f(13)=0;
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for i=1:6
f(13)=f(13)+z(i)*(Ker(i)-1)/(1+x(13)*(Ker(i)-1)); % Rachford and Rice
Equation
end
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
End of Program
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
Flash Distillation using The Peng Robinson equation
%
%
of state
%
%
%
%
Programmed by: Mebougna L. Drabo
%
%
%
%
November 8, 2010
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
clear all
clc
format long
options = optimset('Display','off');
[X]=fsolve(@drabo,[0 0.306405 0.160221 0.164692 0.174555 0.164989 0 0.023594
0.00478 0.000307 0.000444 1.09551*10^-5 0.5],options);
Liquid_Composition=[X(1) X(2) X(3) X(4) X(5) X(6)]
Vapor_Composition=[X(7) X(8) X(9) X(10) X(11) X(12)]
Vapor_Fraction=X(13)
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
%
%
%
End of Program
%
%
%
%----------------------------------------------------------------------%
%----------------------------------------------------------------------%
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APPENDIX-B
EXAMPLE OF k ij CALCULATION
An example of k ij calculation is given to demonstrate how simple the technique is. For
example, let us calculate the binary interaction parameter between n-butane (1) and (2) decane
at T = 300K. This straightforward calculation is divided into five tasks.


Task 1: Decomposition of the molecules into elementary groups

Component1 (n-butane) contains 2 group 1 (CH 3 ), 2 groups 2 (CH 2 ) and 0 group 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, and 13. The total number of groups present in molecule 1 is thus N g1 = 2 + 2 = 4.
Component2 (decane) contains 2 group 1 (CH 3 ), 8 groups 2 (CH 2 ) and 0 group 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, and 13. The total number of groups present in molecule 2 is thus N g2 = 2 + 8 = 10.


Task 2: Calculation of the parameters.

The fraction of the molecule 1 (n-butane) occupied by group 1(CH 3 ) is
𝛼11 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 1 𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 1
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 1
2

𝛼11 = 𝑁 = 2/4
𝑔1

The fraction of the molecule 1 occupied by group 2(CH 2 ) is 𝛼12 = 2/4.

Because molecule 1 contains and 0 group 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 we have 𝛼13 =

𝛼14 = 𝛼15 = 𝛼16 = 𝛼17 = 𝛼18 = 𝛼19 = 𝛼1_10 = 𝛼1_11 = 𝛼1_12 = 𝛼1_13 = 0.
The fraction of the molecule 2 (decane) occupied by group 1(CH 3 ) is
𝛼21 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 1 𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 2
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 2
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2

𝛼21 = 𝑁 = 2/10
𝑔2

The fraction of the molecule 2 occupied by group 2(CH 2 ) is 𝛼22 = 8/10.

Because molecule 2 contains and 0 group 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 we have 𝛼23 =
𝛼24 = 𝛼25 = 𝛼26 = 𝛼27 = 𝛼28 = 𝛼29 = 𝛼2_10 = 𝛼2_11 = 𝛼2_12 = 𝛼2_13 = 0.


Task 3: Calculation of the double sum appearing in Equation (7).

We want to compute k 12 which means that i =1 and j = 2. Thus, with N g = 13, the double sum
(DS) can be written as: 𝐷𝑆 =

1

13
− 2 ∑13
𝑘=1 ∑𝑙=1(𝛼1𝑘

− 𝛼2𝑘 ) ∗ (𝛼1𝑙 −

𝐵

𝑘𝑙
298.15 ��𝐴 �−1�
𝛼2𝑙 )𝐴𝑘𝑙 � 𝑇 � 𝑘𝑙

Taking into account that𝛼13 = 𝛼14 = 𝛼15 = 𝛼16 = 𝛼17 = 𝛼18 = 𝛼19 = 𝛼110 = 𝛼111 = 𝛼112 =
𝛼113 = 0

we have:

𝛼21 ) ∗

and 𝛼23 = 𝛼24 = 𝛼25 = 𝛼26 = 𝛼27 = 𝛼28 = 𝛼29 = 𝛼210 = 𝛼211 = 𝛼212 = 𝛼213 = 0,
1

𝐷𝑆 = − 2 �(𝛼11 − 𝛼21 )(𝛼12 − 𝛼22 ) ∗

𝐵

12
298.15 ��𝐴 �−1�
𝐴12 � 𝑇 � 12

+ (𝛼12 − 𝛼22 )(𝛼11 −

𝐵

21
298.15 ��𝐴21 �−1� �
𝐴21 � 𝑇 �

𝐷𝑆 = −(𝛼11 − 𝛼21 )(𝛼12 − 𝛼22 ) ∗

𝐵

12
298.15 ��𝐴 �−1�
𝐴12 � 𝑇 � 12

With 𝛼11 = 𝛼12 = 0.5, 𝛼21 = 0.2, 𝛼22 = 0.8, 𝐴12 = 74.81 ∗ 106 𝑃𝑎, 𝐵12 = 165.7 ∗ 106 𝑃𝑎

and T = 300K, one obtains DS = 6682489.5 Pa


Task 4: Calculation of ai and bi (i=1,2)

𝑇𝑐,1 = 425.18 𝐾
Taking: �𝑃𝑐,1 = 37.97 ∗ 105 𝑃𝑎
𝑤1 = 0.199
𝑇𝑐,2 = 618.45 𝐾
And �𝑃𝑐,1 = 21.23 ∗ 105 𝑃𝑎
𝑤1 = 0.484
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one obtains
𝑎1 (𝑇 = 300) = 1.8453𝑆. 𝐼.

𝑎2 (𝑇 = 300) = 9.9386𝑆. 𝐼.
and

𝑏1 = 7.2431 ∗ 10−5 𝑚3 𝑚𝑜𝑙 −1

𝑏2 = 0.0001884 𝑚3 𝑚𝑜𝑙 −1


Task 5: Caluclation of k 12

Using Equation (7), we obtain k n-butane/decane (T = 300 K) = 0.004119918

Molecule Structure of some of hydrocarbon
n-butnae:

Isopentane:

Isooctane (2, 2, 4-Trimetylpentane)
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Toluene

Decane
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APPENDIX-C
THE ASTM D86 DISTILLATION APPARATUS

The ASTM D86 equipment is shown in the figure below. In the D86 test, a 100 ml
sample is heated, driving a distillation process where condensed vapors are collected in a flask.
The temperature of the vapor is recorded at designated collection volumes. The heat flux
delivered to the sample is adjusted so that the condensate is produced at specified rates.

ASTM D86 Distillation apparatus, from Perry’s Handbook [Stichlmair, J.G. and J.R. Fair (1998)
Distillation: Principles and Practices, Wiley-VCH.]
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APPENDIX-D
GROUP INTERACTION PARAMETERS
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Table 7.1
Group interaction parameters: (A kl =A lk )/MPA and : (B kl =B lk )/MPA
CH 3
CH 2
CH
(group 1)
(group 2)
(group 3)

C
(group 4)

CH 4
(group 5)

C2H6
(group 6)

CHaro
(group 7)

Caro
(group 8)

C fused aro
(Group 9)

CH 2cyclic
(group 10)

CH cyclic ,
Cyclic
(group 11)

CO 2
(group 12)

N2
(group 13)

CH3
(group 1)

0

-

-

-

-

-

-

-

-

-

-

-

-

CH2
(group 2)

A 12 = 74.81
B 12 =165.7

0

-

-

-

-

-

-

-

-

-

-

-

CH
(group 3)

A 13 = 261.5
B 13 =388.8

A 23 = 51.47
B 23 =79.61

0

-

-

-

-

-

-

-

-

-

-

C
(group 4)

A 14 = 396.7
B 14 =804.3

A 24 = 88.53
B 24 =315

A 34 = -305.7
B 34 =-250.8

0

-

-

-

-

-

-

-

-

-

CH4
(group 5

A 15 = 32.94
B 15 =-35

A 25 = 36.72
B 25 =108.4

A 35 = 145.2
B 35 = 301.6

A 45 = 263.9
B 45 = 531.5

0

-

-

-

-

-

-

-

-

C2H6
(group 6)

A 16 = 8.579
B 16 =-29.51

A 26 = 31.23
B 26 = 84.76

A 36 = 174.3
B 35 = 352.1

A 46 = 333.2
B 46 = 203.8

A 56 = 13.04
B 56 = 6.863

0

-

-

-

-

-

-

-

CHaro
(group 7)

A 17 = 90.25
B 17 = 146.1

A 27 = 29.78
B 27 = 58.17

A 37 = 103.3
B 37 = 191.8

A 47 = 158.9
B 47 = 613.2

A 57 = 67.26
B 57 = 167.5

A 67 = 41.18
B 67 = 50.79

0

-

-

-

-

-

-

Caro
(group 8)

A 18 = 62.80
B 18 = 41.86

A 28 = 3.775
B 28 = 144.8

A 38 = 6.177
B 38 = -33.97

A 48 = 79.61
B 48 = -326

A 58 = 139.3
B 58 = 464.3

A 68 = -3.088
B 68 = 13.04

A 78 = -13.38
B 78 = 20.25

0

-

-

-

-

-

Cfused aro
(Group 9)

A 19 = 62.80
B 19 = 41.86

A 29 = 3.775
B 29 = 144.8

A 98 = 6.177
B 39 = -33.97

A 49 = 79.61
B 49 = -326

A 59 = 139.3
B 59 = 464.3

A 69 = -3.088
B 69 = 13.04

A 79 = -13.38
B 79 = 20.25

A 89 = 0
B 89 = 0

0

-

-

-

-

CH2cyclic
(group 10)

A 1-10 = 40.38
B 1-10 = 95.90

A 2-10 = 12.78
B 2-10 = 28.37

A 3-10 = 101.9
B 3-10 = -90.93

A 4-10 = 171.1
B 4-10 = 601.9

A 5-10 = 36.37
B 5-10 = 26.42

A 6-10 = 8.579
B 6-10 = 76.86

A 7-10 = 29.17
B 7-10 = 69.32

A 8-10 = 34.31
B 8-10 = 95.39

A 9-10 = 34.31
B 9-10 = 95.39

0

-

-

-

CHcyclic,
Cyclic
(group 11)
CO2
(group 12)

A 1-11 = 98.48
B 1-11 = 231.6

A 2-11 = -54.90
B 2-11 = -319.5

A 3-11 = -226.5
B 3-11 = -51.47

A 4-11 = 17.84
B 4-11 = -109.5

A 5-11 = 40.15
B 5-11 = 255.3

A 6-11 = 10.29
B 6-11 = -52.84

A 7-11 = -26.42
B 7-11 = -789.2

A 8-11 = -105.7
B 8-11 = -286.5

A 9-11 =-105.7
B 9-11 = -286.5

A 10-11 =-50.10
B 10-11 = -891.1

0

-

-

A 1-12 = 164
B 1-12 = 269

A 2-12 = 136.9
B 2-12 = 254.6

A 3-12 = 184.3
B 3-12 = 762.1

A 4-12 = 287.9
B 4-12 = 346.2

A 5-12 = 137.3
B 5-12 = 194.2

A 6-12 = 135.5
B 6-12 = 239.5

A 7-12 = 102.6
B 7-12 = 161.3

A 8-12 = 110.1
B 8-12 = 637.6

A 9-12 =267.3
B 9-12 = 444.4

A 10-12 =130.1
B 10-12 = 225.8

A 11-12 =91.28
B 11-12 = 82.01

0

-

N2
(group 13)

A 1-13 = 52.74
B 1-13 = 87.19

A 2-13 = 82.28
B 2-13 = 202.8

A 3-13 = 365.4
B 3-13 = 521.9

A 4-13 = 263.9
B 4-13 = 772.6

A 5-13 = 37.90
B 5-13 = 37.20

A 6-13 = 61.59
B 6-13 = 84.92

A 7-13 = 185.2
B 7-13 = 490.6

A 8-13 = 284
B 8-13 = 1892

A 9-13 =718.1
B 9-13 = 1892

A 10-13 =179.5
B 10-13 = 546.6

A 11-13 =100.9
B 11-13 = 249.8

A 12-13 =98.42
B 12-13 = 221.4

0
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APPENDIX-E
DERIVATION OF RACHFORD – RICE EQUATION
𝐶

𝑓(𝜑) = �
𝑖=1

𝑍𝑖 (1 − 𝐾𝑖 )
=0
1 + 𝜑(𝐾𝐼 − 1)
1=1

𝑋1 + 𝑋2 = 𝑌1 + 𝑌2

𝑋1 − 𝑌1 + 𝑋2 − 𝑌2 = 0

𝐹𝑍1 (𝑋1 − 𝑌1 ) 𝐹𝑍2 (𝑋2 − 𝑌2 )
+
=0
𝐹𝑍1
𝐹𝑍2
Expand Denominator and add Zero
𝐹 = 𝑉+𝐿

𝐹𝑍1 = 𝑉𝑌1 + 𝐿𝑋1

𝐹𝑍2 = 𝑉𝑌2 + 𝐿𝑋2

𝐹𝑍1 (𝑋1 − 𝑌1 )
𝐹𝑍2 (𝑋2 − 𝑌2 )
+
=0
𝐿𝑋1 + 𝑉𝑌1 + 𝑉𝑋1 − 𝑉𝑋1 𝐿𝑋2 + 𝑉𝑌2 + 𝑉𝑋2 − 𝑉𝑋2
𝐹𝑍2 (𝑋2 − 𝑌2 )
𝐹𝑍1 (𝑋1 − 𝑌1 )
+
=0
𝐹(𝑋1 ) + 𝑉𝑌1 − 𝑉𝑋1 𝐹(𝑋2 ) + 𝑉𝑌2 − 𝑉𝑋2
1

Multiply Top & Bottom by 𝐹

𝑍1 (𝑋1 − 𝑌1 )
𝑍2 (𝑋2 − 𝑌2 )
+
=0
𝑉
𝑉
𝑋1 + 𝐹 (𝑌1 − 𝑋1 ) 𝑋2 + 𝐹 (𝑌2 − 𝑋2 )
1

Multiply Top & Bottom by 𝑋 because the final equation had Ki
𝑖

101

𝑌
𝑍1 �1 − 𝑋1 �
1

𝑉 𝑌
1 + 𝐹 �𝑋1 − 1�
1

+

𝑌
𝑍2 �1 − 𝑋2 �
2

𝑉 𝑌
1 + 𝐹 �𝑋2 − 1�
2
𝐶

=0

𝑍1 (1 − 𝐾1 )
𝑍2 (1 − 𝐾2 )
𝑍𝑖 (1 − 𝐾𝑖 )
+
=0→�
=0
1 + 𝜑(𝐾1 − 1) 1 + 𝜑(𝐾2 − 1)
1 + 𝜑(𝐾𝑖 − 1)
𝑖=1
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