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A b s t r a c t

To meet current emission regulations, automotive evaporative 

emissions systems must meet maximum leak rate specifications. 

Leaks exceeding the required rate must be located and repaired. 

Evaporative emissions systems are commonly leak tested with 

smokes or aerosols. Under normal conditions, the contents of 

automotive fuel tanks are inherently safe from fire and explo

sions because the gasoline vapour contained within is too rich 

to burn. Introducing a typical leak testing flow will dilute the 

over-rich mixture, creating flammable volumes within the tank 

if air is used as the carrier gas for the leak test fluid.

This thesis considers the gasoline vapour behaviour in an au

tomotive gasoline tank under leak testing conditions. An ex

perimental study was performed on a typical gas tank and was 

used to verify the results obtained from a numerical model. Sig

nificant flammable volumes were found under some conditions. 

Recommendations for preventing flammable mixture formation 

during leak testing are included.
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C h a p t e r  1

In t r o d u c t i o n

EHICLE emissions are a major source of pollution today. Passenger
cars were the third largest source of air emissions in California in 1995.1 

One of the major components is evaporative emissions from evaporating 
fuel.2 Most vehicles have systems to contain the fuel vapours that comprise 
these emissions, but leaks in aging or poorly maintained systems will allow 
the fuel vapour to enter the environment.

The requirement for evaporative emissions system testing is a result of 
air quality regulations introduced in the past decade. The regulations for 
testing evaporative emissions systems are fairly recent. Evaporative emis
sions leak testing is only now becoming prevalent in the automotive repair 
environment, and therefore the research into the potential hazards associ
ated with evaporative emissions system leak testing is limited.

New vehicles typically include an on-board diagnostics system that in
dicates excessive leakage in these systems, but provide only indication and 
not the location of the leak required for repair. An additional test is required 
to identify the location of the leak, where a test fluid is introduced to the sys
tem and provides some form of indication where the fluid exits the system 
through the leak.

The driving component of the test fluid is usually air or nitrogen. Fluid 
introduced to the system mixes with the fuel vapour - air mixture within, 
reducing the fuel vapour concentration. Gasoline is designed to produce

1
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CHAPTER 1. INTRODUCTION 2
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Figure 1.1: Vehicle and total fires for public service stations in the US, 1980- 
1998. Total fires have remained relatively constant while vehicle fires have 
a significant upward trend.

vapour - air mixtures in the system too rich to bum  under normal circum
stances. Introducing air to the system creates a range of gasoline vapour 
concentrations from too lean to too rich, encompassing the flammable range. 
The extent of the vapour volume that is flammable defines the hazard of 
leak testing with air. This project identifies the potential flammable vol
umes created in evaporative emissions systems when air is introduced to 
the system.

Most leak location testing is done at an automotive repair facility or ser
vice station. Information on fires at these facilities in the United States is 
available for the years 1980-1998 from the National Fire Protection Associa
tion (NFPA).3 A summary of service station fires over this period is shown 
in figure 1.1. Total service station fires have remained relatively constant, 
but vehicle fires at these facilities have shown a definite upw ard trend.

No statistics available point directly to evaporative emission system leak
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CHAPTER 1. INTRODUCTION 3

testing as a source of vehicle fires at these facilities. However, of the fires 
listed, 77% were caused by mechanical or electrical problems. Part failures, 
leaks, or breaks were attributed as the ignition factor to 25% of the fires, and 
gasoline was the first material ignited in 32% of the fires. These statistics 
undoubtably include other sources of fire not related to evaporative emis
sions testing. For example, a fire started by a broken liquid fuel line would 
qualify as a part failure, and gasoline would likely be the first material ig
nited. Regardless, the statistics currently available provide some evidence 
that further investigation is warranted.

This dissertation describes an experimental and modeling study carried 
out to evaluate the potential fire and explosion hazards associated with leak 
testing activities in automotive fuel and evaporative emission systems.

Chapter 2 provides a background on evaporative emissions systems and 
the requirements for leak testing. A summary of previous work on flammable 
mixtures in fuel tanks is included, as well as potential ignition sources that 
could ignite flammable mixtures formed inside the tank.

Chapter 3 describes experimental testing on a typical automotive fuel 
tank. The development of the test rig is included as well as results for typi
cal leak detection scenarios. The results of this chapter are used for compar
ison to the model results of chapter 4.

Chapter 4 describes a simulation model that predicts flammable mix
tures formed within evaporative emissions systems, and compares model 
results to experimental results. The major factors that affect flammable mix
tures in fuel tanks are discussed.

Chapter 5 summarizes the work completed and the conclusions made. 
Recommendations are included for preventing flammable mixtures from 
forming in automotive fuel tanks during leak testing procedures, and sug
gestions for future work are presented.

The method used for measuring equilibrium gasoline vapour pressure 
is covered in appendix A. Appendix B describes the gas chromatograph 
sampling and analysis procedure used. Appendix C includes the use and 
calibration of oxygen sensors to determine the gasoline vapour composition
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CHAPTER 1. INTRODUCTION 4

in the fuel tank during leak testing procedures. Appendix D contains an 
example of the computational fluid dynamics model for gasoline vapour in 
a gas tank during leak testing. Appendix E describes a fuel tank flammable 
mixture ignition test conducted in the field.
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C h a p t e r  2

E v a p o r a t i v e  E m i s s i o n s  S y s t e m  B a c k g r o u n d

Evaporative emissions systems are designed to contain vapour generated from volatile 

gasoline in automobiles. A n y leaks within the system result in fuel emissions to the 

environment and recent regulations limiting evaporative emissions have resulted in 

a need to locate and repair leaks. Previous work on automotive fuel system flamm a- 

bility has either focused on low temperature conditions where the equilibrium gaso

line vapour concentration was within the flammable range, or flammable conditions 

created by refueling vapour recovery systems. The aerospace industry, which uses 

less volatile fuels and operates under a wider range of conditions, has done a con

siderable amount of research into preventing fuel tank vapour space flammability. 

Potential ignition sources both inside and outside fuel tanks are surveyed.

2.1 Introduction

T atmospheric temperature and pressure, gasoline is a volatile liquid.
When liquid gasoline is exposed to air it will produce vapour through 

evaporation at the gas-liquid interface until an equilibrium vapour pressure 
is attained. As a fuel, gasoline vapour can be readily ignited when com
bined with sufficient oxygen in the presence of an ignition source. Flammable 
gasoline vapour/air mixtures within automotive fuel systems are prevented 
by blending gasoline to have sufficient volatility that it will produce a vapour 
fraction above the upper flammable limit (UFL) at equilibrium. While nor
mal venting and air intake cycles encountered from temperature and liq-

6
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CHAPTER 2. EVAPORATIVE EMISSIONS SYSTEM BACKGROUND 7

uid volume variations within the fuel system do cause fluctuations from 
equilibrium, the volatility has an adequate margin of safety so the gasoline 
vapour fraction does not enter the flammable range.1

Excess fuel vapour is produced from evaporation, temperature cycling, 
and refueling and is a major source of pollution if the vapour space is vented 
to the atmosphere. Modem vehicles are equipped with an evaporative 
emissions reduction system designed to capture any excess gasoline vapours 
and ultimately route them to the engine for combustion. However, the ef
fectiveness is reduced if there are any leaks in the system.

Recent regulations requiring adequate evaporative emissions system per
formance have brought about the requirement for locating and repairing 
evaporative emissions system leaks and testing procedures have been de
veloped to find such leaks. Many test methods introduce air to the system 
to find leaks, effectively disrupting the gasoline liquid-vapour equilibrium. 
The consequences of such an action have not been thoroughly investigated 
thus far, and to date the possibility of producing flammable mixtures during 
leak testing has been unclear.

2.2 Gas Mixtures and Fuel Volatility

The potential of a gas mixture to bum  or its flammability is related to the 
properties of the gas mixture. Combustion requires 3 elements: fuel in suf
ficient quantities, oxygen in sufficient quantities, and energy to initiate the 
reaction. The relative fuel and oxygen quantities are a property of the mix
ture, while energy can come from a variety of sources, including flames, 
electrical sparks, or hot surfaces. The most common flammable mixtures 
are fuel/air mixtures, with air as the oxygen source.

The relative proportions of each species in a mixture can be described on 
either a mass basis or a molar (volumetric) basis. Flammable mixtures are 
typically quantified on a molar basis. The molar fraction of a mixture can be 
modeled on a partial pressure or partial volume model, known as Dalton's
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CHAPTER 2. EVAPORATIVE EMISSIONS SYSTEM BACKGROUND 8

Law and Amagat's Law, respectively.2

k
=  (2 .1)

i=1

Vm =  Y ^ Vi(Trn,Pm) (2.2)
i= l

where P; and V* are the partial pressure and partial volume of the mix
ture component i, and Tm, Pm/ and Vm are the total temperature, pressure, 
and volume of the mixture. Dalton's Law and Amagat's Law are exact for 
ideal gas mixtures, which follow the relationship below for density.

P=  X T  (2-3)

where P is the mixture pressure, T is the mixture temperature, and

*  =  s  ( 2 -4 >

where R  is the ideal gas constant and M is the mixture molar mass.
Typical hydrocarbon automotive fuels (gasoline, diesel) are comprised 

of a mixture of many hydrocarbon species that form a liquid-vapour in
terface at room temperature. The composition of a certification fuel com
monly used for emissions testing is shown in figure 2.1.3 The majority of
the components are in the C5-C8 range, (ie. contain 5 to 8 carbon atoms per 
molecule), with small amounts of hydrocarbons outside this range.

Like water or other volatile liquids, some proportion of these fuels will 
evaporate or volatilize and form vapour until the space above the liquid is 
saturated. Lighter, more volatile hydrocarbons will tend to evaporate more 
readily than heavier hydrocarbons. Figure 2.2 lists the composition for the 
saturated vapour formed above the previously mentioned certification fuel. 
The lighter hydrocarbons such as butane form a much higher percentage 
of the vapour than the liquid, with isobutane, n-butane, and isopentane 
forming 78% of the vapour mixture.3 Subsequent research performed un-
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other
benzenes

2,2,5-trimethylhexane
toluene

2,3,4-trimethylpentane
2.4-dimethylhexane
2.5-dimethylhexane 

isooctane
hexane

isohexane
pentane

isopentane
n-butane

isobutane

% Composition

Figure 2.1: Composition of a certification fuel. Note high toluene and isooc- 
tane fractions and low butane fractions.

der similar conditions also noted high butane and pentane fractions in the 
vapour phase.4

The partial pressure of fuel vapour at saturation is a function of the tem
perature and species present and is a measure of the total volatility of the 
fuel. The Reid Vapour Pressure (RVP) test measures the vapour pressure of 
a substance at 38°C.5 RVP values can be used to compare volatilities of vari
ous fuel mixtures. Saturated vapour pressures at other temperatures can be 
calculated from the RVP with the following relationship, where the RVP is 
in kPa and the temperature T is in °C.6

6 .0 8 —310.8(6 .08  —JoofK V P )]

Psat =  10 T+273 (2.5)
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other

toluene

isooctane

n-hexane

3-methylpentane

2-methylpentane

2,3-dimethylbutane

n-pentane

isopentane

n-butane

isobutane

Figure 2.2: Composition of saturated vapour above the previous certifica
tion fuel. Toluene and isooctane fractions are much lower and butane is 
now a major component.

2.3 A History of Gasoline RVP Requirements

Traditionally gasoline has been blended for high volatility to allow easy en
gine starting while preventing any fires or explosions in the fuel system by 
creating a rich fuel condition above the upper flammable limit. The disad
vantage of high volatility is increased evaporative emissions, which have 
been shown to be strongly influenced by gasoline RVP.7 In 1989, the EPA 
introduced Phase I volatility regulations to reduce evaporative emissions 
during the summer months.8 At this time, RVP was required to be as low as 
62 kPa (9.0 psi) depending on location and season. Phase II regulations in 
effect since 1992 require RVP to be less than 54 kPa (7.8 psi) in some states,9 
but the EPA recommended guideline is as low as 48 kPa (7.0 psi) in regions 
such as Phoenix, Arizona.10

Since the more volatile hydrocarbons in gasoline evaporate more readily

% Composition
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than their low volatility counterparts, continued evaporation will change 
the composition of the liquid fuel. This is known as "weathering". A study 
in 1989 found that 48 kPa (7.0 psi) RVP gasoline can experience an RVP loss 
of 3.5 kPa (0.5 psi) during a drive-down from a full tank to empty.11 The 
decrease in RVP was more pronounced for higher RVP gasoline because of 
the increased evaporation rate.

In 1990, research was conducted to determine possible flammability haz
ards under normal driving conditions with EPA's proposed additional Phase 
II volatility reductions.1 The primary focus was flammability hazards un
der normal driving conditions at low temperatures. The vapour pressure 
curves as a function of temperature for four common gasoline blends can 
be seen in figure 2.3. The objective was to determine the temperature that 
low RVP gasoline creates flammable saturated vapours, with the effects of 
weathering during driving cycles taken into consideration.

Vapour from gasoline with a RVP of 48 kPa (7.0 psi) was found to reach 
the upper flammable limit at 13° F  (-10°C), while 62 kPa (9.0 psi) RVP gaso
line produced flammable vapours at 4.6°F (-15°C). This report concluded 
that flammable mixtures would be more prevalent under the Phase II re
quirements when low RVP gasoline was combined with low ambient tem
peratures, but that the associated risk of fires or explosions would remain 
low. Since the Phase II requirements were enacted in 1992, the additional 
risk was apparently within acceptable limits.

2.4 Evaporative Emissions System Overview

Evaporative emissions systems were introduced in the 1970s to reduce fuel 
evaporative emissions losses from vehicles.12 Typical automotive fuel sys
tems have a rigid fuel tank that stores a volume of liquid gasoline that de
creases as the fuel is consumed during operation. The balance of the total 
contained volume of the fuel system is filled with a gasoline vapour and 
air mixture. It is not generally feasible to design the fuel system to with
stand large differential pressures, so it is usually maintained at or near at-
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Figure 2.3: Vapour pressure of gasoline blends as a function of temperature. 
Upper and lower flammable limits based on saturated gasoline vapour/air 
mixture at 1 atm total pressure.

mospheric pressure. A vent is required to maintain this condition as the 
liquid volume and system temperature change. Evaporative emissions sys
tems use an activated charcoal canister to capture fuel vapour and allow air 
to vent from the system. While the vehicle is running, intake manifold vac
uum is used to "purge" the fuel vapour from the canister into the engine 
where it is burned.13 The minimum required components for an evapora
tive emissions system are shown in figure 2.4 (a).

Air quality regulations in many jurisdictions require on-road vehicles to 
meet standards for evaporative emissions. Although a vehicle may meet the 
standard when new, the effectiveness of the evaporative emissions system 
diminishes if a leak develops in the vapour containment envelope of the sys
tem. Leaks become more common as vehicles age and experience wear and 
tear. A pressure or vacuum decay test is typically employed to determine 
the total leakage rate from the evap system and can be conducted either
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■Charcoal Canister

■Purge Line (To intake manifold) 

"Vent Line (Open to atmosphere)

Fuel Tank (With internal 
fuel pump and sending unit)

Filler Cap 

Filler Neck

Evap Line (Connects 
tank vapor space to canister)

(a)

Vent Solenoid Valve

Purge Solenoid Valve 
— Evap Service Port

Figure 2.4: (a) Minimum required evaporative emissions system compo
nents. (b) Additional components required for OBD-II diagnostics testing. 
Placement of components may vary from vehicle to vehicle.

autonomously by the vehicle or manually by a service technician. Vehicles 
produced since 1996 include a standardized on-board diagnostics protocol 
(OBD-II) that provides on-board system leak detection capability.
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2.5 Leak Testing Procedures

The OBD-II standard requires vehicles to have the capability to diagnose 
the pressure integrity of the evaporative emissions system. This is acom- 
plished by using solenoid valves to close the purge connection to the engine 
intake manifold and the vent connection to the atmosphere. The status of 
the system is determined by placing the system under a differential pres
sure with both valves in the closed position. Either positive or negative 
(vacuum) pressure relative to atmospheric can be used for the test depend
ing on the manufacturer and model of the vehicle.14 Two tests are generally 
performed to find large leaks and small leaks, respectively. The first test 
determines if the maximum pressure differential can be reached. If not, a 
gross leak code is set in the vehicle computer and the malfunction indicator 
light (MIL) is illuminated on the dashboard. If the maximum pressure dif
ferential is reached, the second test commences where the rate of pressure 
differential decay is measured. The decay rate is compared to a thresh
old value that corresponds to a specific orifice leak. For OBD-II vehicles 
produced between 1996-1999, the threshold leak rate is an equivalent leak 
through a 0.040" (1 mm) orifice. Vehicles produced after 2000 use a 0.020" 
(0.5 mm) orifice as the reference decay rate. OBD-II vehicles also have an 
evap service port feature. The service port consists of a schrader tee fitting 
on the canister purge line seen in figure 2.4 (b), designed for conveniently 
connecting leak detection equipment to the evap system under the hood, 
rather than using a gas cap adapter.

Vehicles produced prior to 1996 require testing by a technician to de
termine system leakage rate. Most vehicles produced before 1996 did not 
include an evap service port, so leak detection equipment is usually con
nected to the vehicle through a gas cap adapter. The vent and purge con
nections are pinched off with a hose clamp to close the system.15 While no 
leak threshold standard was set for pre-1996 vehicles when they were man
ufactured, new standards for pre OBD-II vehicles are presently being con
sidered.
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Once the leakage rate has been determined to exceed the emission stan
dard, the leak(s) must be located and repaired. This can be a time con
suming process because leaks can occur anywhere in the evap system. The 
typical procedure involves introducing a visible fog to the system which 
produces a visible plume at the leak point. The fog is produced by condens
ing oil droplets in compressed air or other gas such as nitrogen. As the fog 
enters the system, it combines with the existing gasoline vapour/a ir mix
ture to form a new mixture. The availability of compressed air at the ma
jority of repair and maintenance facilities makes it the usual carrier gas of 
choice for the fog. A high rate of flow, typically 7 to 15 LPM,16 is introduced 
at the beginning of the test to completely fill the vapour space with fog. 
For instance, one manufacturer recommends removing the gas cap (from 
an OBD-II vehicle) and allowing the vapour to flow for 5 minutes.17

2.6 Potential Leak Locations

Previous research examining emissions from in-use vehicles has catalogued 
leak location data.1819 Figure 2.5 shows the relative distribution of leaks in 
the evap systems of vehicles that did not meet emission requirements in 
one study. A large number of leaks were located in the vicinity of the tank, 
which is to be expected since the majority of the components (fuel pump, 
sending unit, filler neck, and filler cap) are in this region. While figure 2.5 
shows component locations for the specific case of a 1997 Chevrolet Cava
lier, the location of individual components is dependent on specific vehicle 
configuration. Generally, leaks may be found near any component of the 
system, and located anywhere in the vehicle from the engine compartment 
to the rear of the vehicle.

2.7 Potential Ignition Sources

In order to create a fire or explosion, an ignition source is required. Potential 
ignition sources fall into two categories: those within the system, and those
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Figure 2.5: Distribution of evaporative emissions system leak locations 
found in a previous study of 151 automobiles. Approximately half are lo
cated in the vicinity of the fuel tank.

outside connected to the fuel system vapour space by a path of flammable 
mixture.

2.7.1 Internal Ignition Sources

The use of in-tank fuel pum ps create a potential ignition source in the tank. 
Typical in-tank fuel pumps are driven by unsealed DC electrical motors 
with brushes that could potentially produce a spark to ignite a flammable 
mixture.1 Also, the electrical connections for the pump inside the tank have 
been shown to fail, melting the wire insulation and creating black, sooty
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deposits.20 Level sending unit wiring is unlikely to produce sparks with 
enough energy to ignite gasoline vapours. Static discharges from improp
erly grounded plastic connections might possibly create an ignition source. 
Under normal vehicle operating conditions, the concentration within the 
fuel tank is by design above the UFL, so little effort has been m ade to elim
inate ignition sources in the tank.

2.7.2 External Ignition Sources

Ignition sources that could exist outside the tank are much more varied than 
internal sources. Ignition of a flammable mixture within the fuel tank from 
an external source requires a flammable pathway that will allow a flame 
to propagate into the tank. Assuming a flammable pathway exists, two 
conditions will prevent a flame from propagating back into the tank: if the 
pathway is small enough to quench the flame, and if the mixture is moving 
fast enough away from the tank so that the mixture velocity exceeds the 
burning velocity.

Quenching dimensions are well documented for various hydrocarbons.21 
Data for typical components of gasoline are shown in figure 2.6. Any path 
with a restriction below 1.75 mm will not allow a flame to propagate through, 
at standard temperature and pressure.

Flame propagation is also limited by the flame velocity of the mixture. 
Figure 2.7 shows the flame velocity for iso-octane, which bum s slightly 
slower than gasoline vapour.22 A typical maximum burning velocity for 
gasoline vapour is 35 cm/sec, at stoichiometric proportions. The critical 
diameter above which a flame will travel opposite the direction of flow 
for tubing or hose containing a flammable gasoline vapour/air mixture is 
shown in figure 2.8.

Many incidents of static discharge causing ignition during refueling events 
have been documented.2324 The majority of these incidents take place near 
the fuel tank filler neck. Since the filler neck is commonly used for either 
venting the purge flow during leak testing or as the entry point for the leak 
test fluid, a static discharge in this area could initiate a flame that could
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Figure 2.6: Quench distances for typical gasoline vapour components at 
atmospheric conditions. While the quench distance varies depending on 
mixture composition, the minimum distance for most hydrocarbons in this 
range is 1.75 mm.

propagate back into the fuel tank.

2.8 Previous Fuel System Flammability Research

Work on flammable mixtures formed above liquid fuels in enclosed tanks 
is limited. A study has been done on flammable mixtures formed above a 
liquid hydrocarbon fuel in an enclosed container when it is exposed to an 
air atmosphere. Flammable mixtures formed in an enclosed container ini
tially containing saturated vapour with no liquid fuel and vented to an air 
atmosphere are also examined.25 Neither of these cases is applicable under 
leak testing circumstances, where the initial condition in the vapour space 
is saturated, but liquid is usually present, and air is actively introduced to 
the system rather than vented.
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Figure 2.8: Critical diameters for a flame to travel opposite the direction of 
flow in a tube containing flammable gasoline vapours. Maximum gasoline 
burning velocity of 35 cm/sec at ambient conditions (T = 298 K, P = 1 atm).
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2.8.1 Aviation Fuel Tank Research

The bulk of research on flammable mixtures in fuel tanks has been done 
by the aerospace industry, particularly after the TWA 800 incident in 1996 
where a Boeing 747-100 center wing tank exploded.26 The approach that 
aerospace has taken to prevent the ignition of flammable vapours in fuel 
tanks is considerably different than that of the automotive industry.

First, aviation fuel has significantly different volatility characteristics 
than automotive gasoline. The flash point, or temperature at which equi
librium fuel vapours reach the lower flammable limit for Jet A fuel is 38°C, 
compared to -51°C for gasoline.27 As long as the fuel temperature in an air
craft is below the flash point (38°C for Jet A), the vapour mixture produced 
will be too lean to bum . This approach is much more suitable for aircraft 
because of low ambient temperatures28 at typical cruising29 altitude that 
would create a flammable mixture with typical automotive gasoline volatil
ity.

Second, while aviation fuel is unlikely to enter the flammable region 
during airplane operation, the Federal Aviation Administration (FAA) in 
the United States has assumed that fuel tank mixtures are always flammable 
for the purposes of certification.30 Hence, they have attempted to eliminate 
any possible ignition sources within the fuel tank itself, by specifying that 
any in-tank electrical equipment be designed to prevent energy discharges 
above 0.2 mj, the typical minimum ignition energy (MIE) for fuel vapour.31

Indeed, conditions where both approaches were not sufficient were present 
in the TWA 800 incident,30 and likely in other less documented incidents.32 
The TWA 800 incident has lead to a substantial effort to implement other 
methods of preventing fuel tank explosions, such as inerting with nitrogen 
enriched air.3334

2.8.2 Automotive Research

Additional research, applicable directly to automotive fuel systems, has 
concentrated on flammable mixtures formed during the refueling process.
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EPA m andated maximum vapour emission levels during refueling have re
quired the implementation of vapour recovery systems.35 Two approaches 
have been taken to reduce refueling emissions: vehicle onboard recovery 
systems (ORVR) and EPA Stage II gasoline dispensing facility vapour re
covery systems.36 Onboard recovery systems use charcoal canisters to store 
the vapour generated by refueling. The extra vapour generated requires a 
larger canister than that used for standard evaporative emissions systems.37 
The vapour handling characteristics of these systems has led to debate over 
potential fire hazards.

The primary concern within the confines of the fuel system has been the 
combined use of ORVR and Stage II vapour recovery.38 A CARB study cited 
in this report showed 80% of refueling events resulted in a flammable mix
ture, but the extent of the mixture was not sufficient to warrant additional 
safety measures.

2.9 Summary and Conclusions

Current environmental regulations have brought about a requirement for 
leak testing evaporative emissions systems. Finding the leaks in the system 
creates an unavoidable fuel vapour release to the environment and changes 
the properties of the vapour mixture in the fuel system.

Previous research has shown flammable mixtures formed in fuel tanks 
under certain conditions, such as nearly empty, vented fuel tanks, aviation 
fuel tanks at high temperatures, and flammable mixtures formed in auto
motive filler necks during refueling. No research is available on the effects 
of typical leak testing flows on gasoline vapour concentrations in automo
tive fuel tanks. The extent of the leak testing effects on the vapour mixture 
in fuel tanks is discussed in further chapters.
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C h a p t e r  3

F u e l  Ta n k  V a p o u r  F r a c t i o n  U n d e r  Im p o s e d  

F l o w  C o n d i t i o n s

Evaporative emissions system leak testing procedures dilute equilibrium gasoline 
vapour/air mixtures within fuel tank vapour spaces, which are initially above the 
flammable limit. I f  air is used as the leak test fluid, flammable mixtures can poten
tially be formed within the tank during testing. An experimental setup for measur
ing gasoline vapour concentrations in an automotive fuel tank during leak testing 
flow is presented. Results for a range of typical non-oxygenated gasoline volatilities 
and leak test conditions show that flammable conditions are possible under condi
tions of low initial gasoline vapour concentration and sufficient leak testing flow  
rate and duration.

3.1 Introduction

AUTOMOTIVE fuel systems contain a mixture of gasoline vapour and 
air in the vapour space above the liquid gasoline in the fuel tank. The 

volatility of gasoline is specified such that the mole fraction of gasoline 
vapour in the system is well above the upper flammable limit under normal 
operating conditions. However, recent developments in regulations requir
ing the evaporative emissions system to meet a maximum leak threshold 
have introduced a new set of conditions present in the fuel system. Test
ing procedures used to find leaks introduce flow to the system, diluting the 
gasoline vapour in the tank. If air is used as a component of the leak testing
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fluid, the mixture in the tank could potentially become flammable.
The mixture composition in the tank will depend on a number of factors, 

including the initial condition in the tank and the flow rates used during 
leak testing. The flow and mixing characteristics in the tank are complex. 
Density differences between the test fluid and the gasoline vapour/a ir mix
ture cause buoyancy effects. The gasoline vapour diffuses into the fresh air 
mixture entering the tank, and the fresh air diffuses into the lower air con
centration in the gasoline vapour mixture. Bulk convective mixing occurs as 
the test fluid enters the system. As the concentration of the gasoline vapour 
is reduced below equilibrium, additional gasoline begins to evaporate at the 
liquid-vapour interface. The evaporation process requires energy which is 
extracted through heat transfer in the liquid and vapour phase. The im
posed flow creates a time-dependent gasoline distribution as it reduces the 
gasoline concentration below equilibrium.

This chapter details an experimental method for determining the gaso
line vapour distribution in a typical automotive fuel tank under leak test 
conditions. The effects of inlet flow parameters and initial conditions on 
the vapour fractions in a small passenger car fuel tank are presented. The 
experimental work completed in this chapter will be used to provide con
firmation of the model presented in the next chapter.

3.2 Methodology

The fuel tank contains the majority of the vapour space in the evaporative 
emissions system. A low fuel level in the tank provides the greatest vapour 
space, with the majority of the vapour space volume in the fuel tank. The 
source of gasoline vapour in the system is the liquid-vapour interface in 
the tank, from which vapour will evaporate until the concentration above 
the interface reaches saturation. The saturation concentration depends on 
the pressure, temperature, and gasoline composition in the fuel system. 
Normally, the vapour space mixture will be essentially uniformly saturated 
prior to leak testing. Some deviations can occur if the vehicle has recently
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been driven, causing fuel temperature variations, or if components of the 
fuel system have been disassembled.

The introduction of flow to a fuel tank vapour space during a leak testing 
procedure results in a time-varying gasoline vapour fraction. The primary 
challenge of these experiments was to capture the time-dependent gasoline 
vapour distribution within the tank while maintaining the flow character
istics of a fuel tank under leak testing conditions. Studies of open tanks 
have used sliding ignitors to determine the location of flammable vapours 
within,1 but this method was not suitable in the closed automotive fuel tank 
examined here.

Another method for obtaining gasoline vapour samples from automo
tive fuel tanks has involved collecting samples in evacuated Tedlar bags 
for gas chromatograph analysis.2 This method is suitable for uniform fuel 
vapour at equilibrium in a fuel tank but is not ideal for a transient condi
tion in the tank. Extracting samples from the tank constitutes a flow dis
turbance, altering the gasoline vapour distribution within the tank. The 
transient response is not adequately reflected in this type of measurement 
either because the number of samples that can be obtained is time limited.

Oxygen sensors provide a measurement of the partial pressure of oxy
gen present at the sensor location. Because the mixture in the tank is a bi
nary mixture of two components, gasoline vapour and air, the gasoline frac
tion can be computed from the oxygen partial pressure. If the total pressure, 
Yt is known then the oxygen fraction can be calculated as:

where Po2 is the oxygen partial pressure and PT is the total pressure. 
Since the vapour space contains a binary mixture of air (21% oxygen) and 
gasoline vapour (0% oxygen):

/Cgasoline =  1 X O j / ' ^ l  ( 3 - 2 )

A similar method has been used for a previous study where the gasoline
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vapour concentration was measured by sucking gasoline vapour through a 
hose connected to an oxygen analyzer.3 This method only provided mea
surement at one point and would cause a significant affect on the flow 
within the tank for this case.

The oxygen sensors continuously monitored the oxygen partial pres
sure, capturing the time response characteristic of the gasoline vapour dis
tribution. The sensors were inserted on the outside periphery of the tank, 
minimizing the effects on the flow within the tank.

To calibrate and verify the oxygen sensor output, gas chromatograph 
sample points were placed near the sensor locations. A full description of 
the gas chromatograph sample procedure can be found in Appendix B. The 
GC sample volume was limited to 4 mL to minimize flow effects within the 
vapour space.

Oxygen sensor output for equilibrium mixtures could also be calibrated 
by measuring the equilibrium vapour pressure. The full procedure for mea
suring vapour pressure is described in Appendix A.

3.3 Experimental Setup

3.3.1 Equipm ent

A fuel tank from a compact passenger car (1997 Chevrolet Cavalier) was 
chosen as the test vessel. The fuel tank capacity of 57 L and welded seam 
construction are representative of typical front wheel drive passenger car 
fuel tank characteristics. A similar tank from a 1999 Cavalier was selected 
in a study of fuel tank fire resistance to represent "thin profile" tanks com
monly seen in these cars.4 The fuel pum p and sending unit for these tanks 
are installed on a plastic hanger assembly as shown in figure 3.1. A plastic 
"bowl" surrounds the sending unit and fuel pump, and is open at the top 
of the tank. A small hole at the bottom allows for liquid transfer.

The fuel tank was set up for two possible testing scenarios, where the 
leak detection equipment was either connected to the filler neck with a mod
ified filler cap or connected to the service port in the engine compartment.
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Fuel Pump/Sending 
Unit Hanger

Fuel Return

Vapor Space
v— Rollover Valve

Plastic “Bowl'

Figure 3.1: The configuration of the fuel tank components in a typical 
"thin profile" tank, common among front wheel drive passenger cars (side 
view).5 Connections for liquid fuel send and return and a vapor line to the 
evaporative emissions canister are mounted on the sending unit hanger. A 
rollover valve is installed where the evaporative emission line enters the 
gas tank to prevent fuel leakage in a vehicle rollover. The sending unit is 
surrounded by a plastic "bowl", which has a small hole at the bottom to 
allow liquid transfer and a small gap at the top to allow vapor transfer. The 
filler neck termination is located in the "bowl" area of the tank as well.

Leak testing can occur in either manner depending on specific vehicle con
figuration, noted in chapter 2. The first step in the leak detection process 
is usually to purge the vapour space with test fluid. If the leak detection 
equipment is connected to the filler cap flow is allowed to exit from the 
tank through the canister, and if the equipment is connected to the service 
port, the filler cap is removed and flow is allowed to exit through the filler 
neck.

Ambient temperature was monitored with a Omega HH11 thermome
ter, and ranged from 23°C to 25°C. Because the oxygen sensors used for this 
experiment measure oxygen partial pressure, an OMEGA PX303-015G5V 
pressure transducer was connected to the filler cap to monitor the total pres-
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Sensor No. Height (mm) Location
1 150 Front Left Comer
2 50 Front Left Comer
3 180 Rear Left Comer
4 65 Rear Left Comer
5 40 Rear Left Comer
6 25 Rear
7 210 Rear

Table 3.1: Oxygen sensor locations, see figure 3.2.

sure in the system. The pressure drop in the tank and in the filler neck was 
assumed to be negligible compared to the pressure drop in the smaller hose 
and fittings. As such, the pressure in the gas tank was assumed to be uni
form at the measured value. Fittings for the EnviteC® Oxiplus A oxygen 
sensors were installed in the tank to monitor oxygen partial pressure. Each 
oxygen sensor fitting was paired with a septum fitting for extracting gas 
chromatograph samples. The fitting locations can be seen in figure 3.2, with 
sensor height from the bottom of the fuel tank listed in table 3.1. The fitting 
locations were chosen to determine the approximate gasoline vapour verti
cal fraction gradient at the two points farthest from the air inlet. The vapour 
distribution in the tank was assumed to be roughly symmetrical from side 
to side, regardless of slight tank geometry asymmetries.

3.3.2 Gasoline Samples

Gasoline samples used for testing were obtained from a Shell service sta
tion and the Imperial Oil Strathcona Refinery. Imperial Oil provided 6, 4 L 
gasoline samples within the typical volatility range blended for Canadian 
conditions.6 The vapour pressures of the gasolines used for testing are listed 
in table 3.2.

Additional tests were performed on the Shell gasoline to reduce the 
volatility by removing lighter hydrocarbons through weathering. An ex
tended 20 minute flow with 4 L liquid gasoline volume substantially weath-
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Side View

Rear View

Figure 3.2: Oxygen sensor locations on the fuel tank, see table 3.1. The 
oxygen sensors were paired with gas chromatograph sample points for cal
ibration.
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Omega PX303 Pressure 
Transducer

Solenoid Valve
Omega FMA \  

1728 Flow Meter

Vapor Mixture 
Outlet

Needle Valve

Vapor Space

(a)

Omega PX303 Pressure 
Solenoid Valve— 7 Transducer

Vapor Mixture 
Outlet .Air Inlet % 

Needle Valve

Omega FMA '  
1728 Flow Meter

Vapor Space

(b)

Figure 3.3: Flow diagram of experimental setup. The flow rate was set with 
a needle valve, while pressure and flow were monitored and recorded. A 
solenoid valve controlled the flow duration automatically. Figure (a) repre
sents a leak test configuration where the service port is used for the air inlet, 
and (b) represents a test where a filler cap adapter is used for the air inlet.
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Description Designation RVP (kPa)
Shell S. 90 90

Imperial Oil 1 I. O. 96 96
Imperial Oil 2 I. O. 71 71
Imperial Oil 3 I. O. 60 60

Table 3.2: Tested gasoline volatilities.

Description Designation Sat. Gasoline 
Vapour Frac.

Evaporated 
Liquid (L)

Shell Weathered 1 S.W. 1 0.42 0.12
Shell Weathered 2 S.W .2 0.37 0.10
Shell Weathered 3 S.W. 3 0.31 0.08
Shell Weathered 4 S.W. 4 0.26 0.08
Shell Weathered 5 S.W. 5 0.22 0.07
Shell Weathered 6 S.W. 6 0.15 0.13

Table 3.3: Weathered gasoline vapour fractions at test conditions
(Tam6 = 23°C and Pafm = 93 kPa). The estimated liquid volume that was 
evaporated during each cycle is given.

ered the fuel, dropping the equilibrium concentration to 42% at test condi
tions. Subsequent tests were performed to continue weathering the fuel. 
The designations for the weathered Shell gas are listed in table 3.3.

3.3.3 Oxygen Sensor Calibration Procedures

The general operating principles for the Oxiplus A transducer are listed in 
detail in appendix C. Figure 3.4 demonstrates that the sensor sensitivity was 
significantly altered by the presence of gasoline vapour. The likely cause 
of the sensitivity change was heavier hydrocarbons (C5 and greater) either 
condensing on the oxygen permeable membrane of the sensor altering the 
oxygen diffusion characteristics of the membrane, or condensing in the sen
sor's electrolyte, changing the ion diffusion characteristics. The hydrocar-
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o Gasoline-air calibration 
□ Nitrogen-air calibration
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Figure 3.4: Gasoline vapour calibration of sensor 1. The sensitivity was sig
nificantly altered by the presence of gasoline vapour. Gasoline calibration 
error bars ±  2 S. D., due to gas chromatograph sampling procedure. See 
appendix B for details.

bons might also have a catalytic effect on the sensor performance. However, 
a calibration with butane shown in figure 3.5 had very similar output to a 
nitrogen calibration, so this is not likely. The sensors were linear down to 
3.0% hydrocarbon, or 19.5% oxygen.

3.3.4 Test Procedures

Before testing was initiated the oxygen sensors were installed in the fuel 
tank. A pressure test was conducted on the entire experimental setup prior 
to testing to ensure that no unknown leaks would disrupt the flow pattern 
within the fuel tank. A minimum of 7 kPa gauge pressure was used for the 
pressure test, which was not exceeded during testing.

To start each test, the gasoline vapour concentration was allowed to
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o Nitrogen-Air Calibration 
□ Butane-Air Calibration
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Figure 3.5: Butane calibration of sensor 1. Butane did not alter the response 
significantly when compared with nitrogen.

reach equilibrium while the tank was open to the atmosphere, as it would in 
a relatively constant temperature environment such as an automotive repair 
shop. This could be verified by observing the oxygen sensor output rate of 
change decrease to zero and by comparing the oxygen sensor outputs to the 
expected value at the equilibrium vapour pressure. Once the vapour con
centration reached equilibrium, the solenoid valve shown in figure 3.3 was 
opened, allowing flow through the tank. Leak detection machines are com
monly designed to run in 5 minute cycles,7 so tests were run to 10 minutes 
simulating 2 complete purge cycles. Longer cycles were used to accelerate 
fuel weathering. An extended test timeline for fuel weathering is shown in 
figure 3.6, with sensor output. Once the specified flow time was reached, 
the solenoid valve was closed and the gasoline vapour was allowed to re
turn to equilibrium. The oxygen sensors were removed after each test and 
replaced with rubber stoppers to prevent excessive evaporative losses to the
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Figure 3.6: Typical test timeline. Once the gasoline vapour has reached equi
librium in the tank, the solenoid valve is opened and flow begins. After a set 
time (in this case 60 minutes), the flow is shut off and the gasoline vapour 
concentration is allowed to return to equilibrium. Raw sensor output is 
shown for sensors 3, 4, and 5 only for clarity. Ambient conditions were 
Tam6 = 23°C and Patm = 93 kPa. The gasoline tested was S. 90, see table 3.2 
for gasoline designations.

environment.
After the test was complete, the gasoline vapour concentration was cal

culated from the measured total pressure and oxygen sensor output, follow
ing the method shown in Appendix C. The gasoline vapour concentrations 
calculated for sensors 3 ,4  and 5 from the previously shown test are shown 
in figure 3.7.
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Figure 3.7: Typical gasoline vapour fraction profiles during test sequence. 
Note the decrease in equilibrium fraction due to lighter hydrocarbon com
ponents evaporating faster than heavy components, or weathering. Gaso
line vapour fractions shown at sensors 3,4, and 5 only for clarity. Ambient 
conditions were Tamb = 23°C and Patm = 93 kPa. The gasoline tested was 
S. 90, see table 3.2 for gasoline designations.

3.4 Results

3.4.1 Inlet Condition Effects

The gas mixture in the fuel tank is affected by the connection point of the 
leak detection equipment. If air flows into the system from the service port, 
it enters at the top of the tank high velocity because the area of the hose is 
small. The mixture exits the filler neck, situated lower in the tank. If the 
flow enters at the filler neck, it enters at low velocity in a horizontal direc
tion. Figure 3.8 shows the mole fraction profile at the edge of the tank for 
each inlet condition with an inlet flow of 10 and an initial mole fraction of 
50% gasoline vapour. The profile is shown at 2.5, 5, and 10 minutes flow
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duration. Using the service port as the connection point for the leak detec
tion equipment causes a greater decrease in the gasoline vapour concentra
tion in the tank. The higher velocity jet entering the tank promotes greater 
mixing than the low velocity entering at the filler neck. The vertical concen
tration gradient creates a higher gasoline vapour concentration at the filler 
neck than at the service port connection. When the filler neck is the exit 
point, more gasoline vapour leaves the tank than if the service port is the 
exit point. Under the conditions of this experiment, no flammable mixture 
was formed after 10 minutes of flow when the filler neck was used as the 
inlet.

3.4.2 Inlet Flow Rate Effects

The volume of air added to the fuel tank and inlet velocity are proportional 
to the inlet flow rate. Leak detection equipment is typically regulated at 15 
inH20  for testing evaporative emissions systems. For most cases, this pres
sure difference creates a flow of 7 LPM to 15 LPM in the fuel system.89 The 
effect of varying the flow rate from approximately half this rate (5 LPM) to 
double (20 LPM) was measured and shown in figures 3.9 and 3.10. While 
the gasoline used for each test was the same, ambient temperature and baro
metric pressure variations caused the initial gasoline concentration to vary 
by approximately 5%. As expected, increasing the flow rate caused the mole 
fraction to decrease at a faster rate. At all flow rates, the filler neck inlet flow 
did not affect the mole fraction as much as the service port inlet flow. How
ever, flammable mixture was eventually formed at 15 and 20 LPM flow with 
the filler neck inlet flow.

The service port inlet is located higher than the filler neck. Lighter mix
tures containing a higher air fraction are buoyed to the top and removed at 
the service port, hence less fuel is removed when the service port is the exit 
point. The large filler neck diameter also reduces the entrance velocity for 
an equivalent flow rate.
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Figure 3.8: Gasoline vapor fraction profile comparison for 10 LPM flow from 
the service port and filler cap, as measured from the bottom of the fuel tank. 
Ambient conditions were Tamfc = 23°C and Patm = 93 kPa. The gasoline tested 
was S. 90, see table 3.2 for gasoline designations.

3.4.3 Initial Volatility Effects

The results examined in previous sections used Central Alberta spring gaso
line. Many regions with hotter climates are supplied with much lower
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Figure 3.9: Gasoline vapour mole fraction profile for 4 service port inlet 
flow rates; 5, 10, 15, and 20 LPM. Ambient conditions were Tamb = 23°C 
and Patm = 93 kPa. The gasoline tested was S. 90, see table 3.2 for gasoline 
designations.

volatility gasoline, significantly reducing the initial saturated gasoline vapour 
concentration in the fuel system. Figure 3.11 shows the mole fraction profile 
formed for 4 gasoline volatilities, the lowest being blended for the Fraser 
Valley in British Columbia.6 As the initial gasoline vapour mole fraction
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Figure 3.10: Gasoline vapor mole fraction profile for 4 filler cap flow rates; 5, 
10,15, and 20 LPM. Ambient conditions were Tamb = 23°C and Patm = 93 kPa. 
The gasoline tested was S. 90, see table 3.2 for gasoline designations.

was reduced, the flammable volume in the tank increased. After a flow du
ration of 10 minutes, the gasoline vapour was allowed to return to equilib
rium, while the tank was vented to atmosphere. The lower volatility gaso
line took longer to return to equilibrium as shown in figure 3.12. The higher
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volatility gasoline mixtures returned above the UFL almost immediately. 
The 59.9 kPa gasoline vapour mixture was still flammable at the top of the 
tank 5 minutes after the flow was turned off. After 20 minutes, all mixtures 
had essentially returned to equilibrium.
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Figure 3.11: Gasoline vapor mole fraction profile for gasoline with varying 
volatility. The flow rate for these tests was 10 LPM from the service port. 
Ambient conditions were Tam6 = 23°C and Patm = 93 kPa. See table 3.2 for 
gasoline designations.
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Figure 3.12: After the flow is shut off at 10 minutes, the mixture returns to 
equilibrium. The lower volatility gasoline takes longer to return to equilib
rium. Ambient conditions were Tamh = 23°C and Patm = 93 kPa. See table 3.2 
for gasoline designations.

3.4.4 W eathering Effects

As gasoline is exposed and evaporates, the equilibrium vapour pressure is 
reduced as the higher volatility components evaporate faster than their low
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Figure 3.13: Reduction in gasoline vapour equilibrium mole fraction from 
air flow. 20 minute flow tests at 10 LPM were conducted with liquid gaso
line volumes of 4 L and 8 L. The gasoline vapour was allowed to reach 
equilibrium after the test, while being vented to the atmosphere. Ambient 
conditions were Tamb = 23°C and Patm = 93 kPa.

volatility counterparts. The weathering effect is dependent on the liquid 
volume, as shown in figure 3.13. The flow introduced to a gas tank dur
ing leak testing causes accelerated evaporation and therefore accelerated 
weathering. A series of flow tests were conducted on a volume of 4 L of 
gasoline in the tank to incrementally weather the gasoline over time. Fig
ure 3.14 shows the mixtures formed under service port inlet flow at 10 LPM. 
The volume of flammable mixture formed in the tank is strongly dependent 
on the initial gasoline concentration in the tank. With an initial mole frac
tion in the tank of 16%, still over double the rich flammable limit of gasoline, 
75% of the fuel tank volume was flammable after 10 minutes of 10 LPM flow.
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Figure 3.14: Gasoline vapor mole fraction profile for weathered gasoline, 
with 10 LPM flow from the service port inlet. Ambient conditions were 
Tamb = 23°C and Patm = 93 kPa. See tables 3.2 and 3.3 for gasoline designa
tions.

3.4.5 W eathering and Volatility Comparison

The composition of a weathered gasoline is different than a gasoline blended 
for low volatility. The effects of composition were compared by compar-
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Figure 3.15: A comparison of low volatility gasoline and weathered gaso
line. Test conditions were 10 LPM flow from the service port. Ambient 
conditions were Tamb = 23°C and Potm = 93 kPa. See tables 3.2 and 3.3 for 
gasoline designations.

ing a weathered gasoline and a low volatility gasoline with similar satu
rated gasoline vapour mole fractions. The mole fraction gradient within 
the tank was slightly different for the two cases. Although the initial mole 
fractions were similar, the difference in composition likely altered the diffu-
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sion, density, and evaporation rate properties. However, the same volume 
of flammable mixture was formed after 5 minutes. Slightly more flammable 
mixture was formed after 10 minutes with weathered gasoline.

3.4.6 Fuel Tank Flammable Mixture Ignition

The presence of a flammable gasoline vapour/air mixture in the fuel tank 
was verified by performing an ignition test in the field. Full details are given 
in appendix E. Ignition was successful and a significant amount of damage 
to the tank and related components was noted.

3.5 Conclusion

An experimental setup was used to determine the gasoline vapour mole 
fraction profile in a "thin profile" fuel tank under typical leak test condi
tions. Electrochemical oxygen sensors provided real time indication of fuel 
mole fraction during the transient flow regime of leak testing. Gas chro
matography and fuel vapour pressure measurements were used to calibrate 
and verify output from the oxygen sensors. Significant decreases in fuel 
mole fractions were noted by introducing air flow to the tank under condi
tions similar to evaporative emission leak testing. The density of the fuel-air 
mixture in combination with evaporation from the liquid-vapour interface 
and diffusion produced a fuel vapour fraction gradient under flow condi
tions that was affected by the inlet flow condition, leak testing flow rate, 
and initial gasoline vapour mole fraction.

Leak detection equipment is usually either connected at the filler neck 
or the service port, with the alternate open to allow the leak test fluid to 
completely fill the vapour space. Flow from the filler neck and out the ser
vice port connection was shown to be safer, creating less flammable mixture 
within the tank. Because a vertical concentration gradient is established in 
the tank, the higher exit point vents less gasoline vapour, keeping the gaso
line vapour mole fraction higher in the tank. Also, the lower inlet velocity 
reduces mixing.
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The flow rate into the system had an effect on the concentrations in the 
tank as expected. Higher volumes of air entering the tank diluted the gaso
line vapour/air mixture at a greater rate.

Lower volatility gasoline reduced the initial gasoline vapour mole frac
tion within the tank. Low volatility was either a result of the specific blend 
of the gasoline or weathering effects, but either way, more flammable mix
ture was created when the initial mole fraction was lower. Hence, gasoline 
produced for use in hot climates is more likely to create a hazard.

The presence of flammable mixtures within the tank under leak testing 
conditions was verified by ignition. Under the conditions tested, substantial 
damage to the tank was sustained.

The experimental work done in this chapter provides a basis to confirm 
the model results presented in the next chapter.
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C h a p t e r  4

N u m e r i c a l  S i m u l a t i o n  o f  V a p o u r  

C o m p o s i t i o n  In  N e a r l y -E m p t y  F u e l  Ta n k s  

U n d e r  Im p o s e d  F l o w  C o n d i t i o n s

Fuel tank leak testing flows can reduce the concentration of fuel vapour within the 
vapour space of the tank. A  model for predicting gasoline vapour concentration in 
a fuel tank is developed and applied to typical automotive fuel tank geometry and 
conditions. Model results are compared to previously obtained experimental results 
and show similar trends in gasoline vapour concentrations. A  significant volume 
of flammable vapour is predicted under leak testing conditions with a high airflow 
rate and low initial gasoline vapour concentration.

4.1 Introduction

I NTRODUCING flow to the vapour space of a tank containing a volatile 
liquid fuel will impact the concentration of the fuel vapour within the 

tank, as has been shown experimentally in Chapter 3. However, experi
mental methods can only reveal what is happening at the boundary of the 
tank without significantly affecting the flow within. Numerical modeling 
techniques can be applied to predict the vapour concentration distribution 
throughout the entire tank volume.

A numerical model representing a "thin profile" automotive fuel tank 
was used to simulate leak testing conditions, identifying possible situations
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where flammable mixtures could be formed. The initial gasoline vapour 
concentration and inlet air flow rate effects on total flammable volume in 
the tank are investigated in this chapter to evaluate the risks involved with 
typical leak testing procedures.

4.2 Physical Description

4.2.1 Geometry

The fuel tank geometry under consideration is shown in figure 4.1 and was 
chosen to represent the vapour space of a "thin profile" tank geometry with 
an in tank fuel pump, similar to the one used for experimental work in 
chapter 3. The plastic "bowl" and fuel pum p enclosure were included in 
the model because they represent significant obstructions to the vapour 
flow inside the tank. The service port connection was centered above the 
fuel pum p enclosure. While most tanks do not form perfect symmetry, the 
model geometry was considered to be symmetrical to keep computational 
requirements reasonable.

4.2.2 Fuel Tank Contents

Fuel tanks will usually have two discrete phases with liquid fuel filling the 
bottom of the tank and a mixture of fuel vapour and air in the balance of the 
tank volume. Under normal evaporative emission leak testing procedures, 
flow will only occur in the gaseous phase in the tank. However, the liquid 
will contribute fuel vapour through evaporation if the vapour concentration 
is below equilibrium. For the purposes of the model, the walls and top of 
the vapour space were assumed dry, so the liquid-vapour interface at the 
bottom of the vapour space was the only source of gasoline vapour.

4.2.3 Initial Conditions

Unless the vehicle has recently been driven or fuel system components have 
been removed, the gasoline vapour in the tank will be at equilibrium ini-
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c r x #
- Filler Neck

Service Port Connection

Plane of Symmetry

Plastic “Bowl”
Fuel Pump/Sending Unit

Liquid - Vapour 
Interface

Figure 4.1: Fuel tank model geometry. Similar to geometry of the "thin 
profile" tank used for experimental work.

tially:

gasoline =  P,gasoline, sa t® ^ a m b (4.1)

The total pressure in the tank is either at or very close to atmospheric 
pressure, so the gasoline vapour mole fraction can be calculated.

Xgasoline
gasoline,sat

a tm
(4.2)

The balance of the vapour space in the tank is initially air. The gasoline 
vapour mole fraction is most useful for determining if the gasoline vapour 
is within the flammable range. The mass fraction, useful for diffusion pur
poses, can also be calculated as follows:
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X gasoline,sat Fuel RVP (kPa) T amb (°C) Patm (kPa)
.50 90 23 93
.31 60 23 93
.21 45 18 101

Table 4.1: Initial conditions considered for the model.

Y    /(.gasoline ^ g a s o l in e  ^  ^

X gaso lineM gaso line  T  (1  X gaso line ) -M air

The equilibrium vapour pressure of a fuel is a factor of fuel volatility 
and ambient temperature as described previously in chapter 2. Initial, equi
librium mixtures during leak testing can vary widely. Table 4.1 summarizes 
the initial conditions considered in the model. A high and low volatility 
fuel at ambient conditions simulating the experimental test conditions were 
included. A third condition was included to simulate a slightly weathered 
California summer gasoline1 tested on a cool day at sea level.

4.2.4 Leak Testing Flow Regimes

The two leak testing flow patterns as described in chapter 2 were both con
sidered. The purging flow either enters from the service port connection 
and exits at the filler neck or vice versa. Typical purge flow rates are on the 
order of 11 LPM. A range of 5 to 20 LPM from service port connection was 
considered for this model. An oil "fog" carried by air or nitrogen is gener
ally used as the test fluid. The time of flow was 10 minutes, representing 
two complete purge flow cycles for typical leak detection machines.2

4.3 Model Characteristics

CFX® computational fluid dynamics software was used to create and solve 
the numerical model of the fuel tank. A number of assumptions were made 
in the creation of the model. The following sections describe the theory used 
in the model3, the boundary conditions applied, and the assumptions made
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in the construction of the model.

4.3.1 Model Theory

The numerical model included a number of assumptions to reduce compu
tational requirements to a manageable level. The behaviour of the system 
was assumed to follow the ideal gas equation of state. The volume of liquid 
was assumed to remain constant as evaporation proceeded. Pure gasoline 
vapour will, depending on exact conditions and composition, occupy ap
proximately 250 times the volume of liquid gasoline. Therefore it takes a 
very small amount of liquid gasoline to produce a large amount of vapour.

Heat transfer within the system was neglected as the system was con
sidered isothermal. While heat transfer has been shown to be significant in 
some cases, these cases were either looking at steady state evaporation4 or 
the case where a liquid is exposed to an atmosphere containing none of its 
vapour5. The vapour space above the liquid is initially entirely saturated 
in this case so the evaporation rate is not as great. A study on fuel system 
components during refueling6 has shown good agreement with experimen
tal results with the isothermal assumption.

Because the system is assumed isothermal, diffusion due to temperature 
gradients is neglected accordingly. Regardless, this assumption has been 
shown to be valid for evaporation systems where the liquid vapour has 
higher density than the gaseous mixture.7

The model solves the governing equations of mass conservation and mo
mentum for the fluid properties. Single velocity and pressure fields were 
calculated for both components of the fluid. A general representation of the 
continuity and momentum equations respectively can be given as below 
(see Nomenclature for an explanation of the symbols used).

^ + V . ( p U ) = 0  (4.4)
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+ v  .  (pU <g> U) =  V • (~P5 +  p(VU +  (V U f)) +  S M (4.5)

The flow in this model is both unsteady and has variable density, so no 
further simplifications can be made. Because the fluid has two components, 
the transport of each component by diffusion is solved with a binary diffu
sion equation.8

^  +  V • (paU) =  (V • pDABV YA) (4.6)

Thus, convection and diffusion of the components are considered by the 
momentum and diffusion equations respectively. The density, pA, is equiv
alent to:

Pa  =  YaP (4.7)

4.3.2 Reynolds Averaged Governing Equations

Unfortunately, solving the above equations directly would require a mesh of 
minute proportions to correctly model turbulence within the flow. Instead, 
quantities within the flow are split into an time averaged and time varying 
component in a process known as Reynolds Averaging.

U =  U +  u  (4.8)

While the total continuity equation remains unchanged and can be writ
ten identically to above with time averaged quantities, the momentum equa
tion becomes:

<9pU ^   ̂ T-T ^  T-n _  ^  _ ( _r , ( X
dt

+ V • (pU 0  U) -  V • (~p6 + (p + Pt)(VU +  (VU)r )) (4.9)

A new turbulent viscosity (pt) is introduced, which represents the Reynolds 
stresses due to turbulence within the flow. The transport equation for each
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component also requires modification to reflect turbulent eddy dissipation.

+ v • (pAv) =  (v •  i \ „  v k o  (4.10)

In this case:

r Ae/f =  pDAB +  ^  (4.11)

where Sct is the turbulent Schmidt number.

4.3.3 Turbulence Model

The turbulent eddy dissipation model requires additional equations to solve 
for the turbulent viscosity n t• The two equation k —e model was used for this 
work. The term k represents turbulent kinetic energy and e represents the 
turbulent eddy dissipation rate. A more detailed description can be found 
in literature.9 This model was compared to other two equation models such 
as the k — u  and RNG k — e models but was more robust. The other models 
considered did not meet the minimum residual convergence criteria of IE-4.

4.3.4 Fluid Properties

The fluid entering the fuel tank from the leak detection equipment was 
modelled as air only. The gasoline vapour was simulated by a single compo
nent fuel vapour. As mentioned in chapter 2 gasoline vapour composition 
can vary widely, but the primary components are generally pentane and 
butane isomers, with some heavier components forming the balance of the 
mixture.

The transport properties used for the fuel vapour were equivalent to 
pentane. The binary diffusivity for pentane-air mixtures was calculated 
with the method of Reid.10 Full details can be found in Appendix D.

4.3.5 Density Considerations

The density of a gasoline vapour/air mixture is:
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P m ix (4.12)
R T

Gasoline has a higher molecular weight than air, so gasoline vapour/air 
mixtures are heavier than air. Initially, assuming a uniform, equilibrium 
gasoline vapour/air mixture within the tank, the density is constant through
out the vapour space. Adding air to the tank creates density differences be
fore the gasoline vapour has an opportunity to diffuse uniformly into the 
added air. This density difference creates a buoyant force on any part of the 
mixture with lower gasoline vapour concentrations.

To model buoyancy properly, the CFX® full buoyancy model was used. 
This adds a source term to the momentum equation:

which acts in the y direction. The reference density was arbitrarily set to 
1.18 k g /m 3, approximately air density at standard atmospheric conditions. 
For the full buoyancy model, the density is calculated everywhere in the 
mesh based on the composition at each point.

4.3.6 Boundary Conditions

A constant normal velocity was specified at the inlet to the tank based on 
the required air flow rate. The outlet was modeled as an opening at atmo
spheric pressure to allow inflow and outflow. Any inflow at the outlet was 
considered to be 100% air. All dry surfaces within the tank, including the 
walls and top, were modeled as a no slip wall boundary.

At the liquid-vapour interface, the fuel mass fraction was assumed to re
main at equilibrium. The velocity at the liquid-vapour interface was solved 
by considering the mass flux of air at the interface. The liquid fuel was 
assumed to remain saturated with dissolved air throughout the duration 
of flow. As such, the net air flux normal to the liquid interface was zero.8 
Fick's law for the flux of gasoline vapour can be written as:

£*M,buoy  ( p  P r e / ) 9 (4.13)
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^ g a s o lin e  ^gaso line  (.^ 'gaso line  "F ^ o i r )  p D A B ^ y g a s o l i n e  ( 4 - 1 4 )

Assuming that a concentration gradient exists only in the vertical y di
rection:

^ gasoline a sol i 11 e gasolij i e "F a ir ) pD A B  ()y (4-15)

Setting the air mass flux to zero and solving for the gasoline vapour mass 
flux:

• " pDAB dYgasoline , .  ~

-  = "(I - y ^ . )  ay (4'16>
Thus, the mass flux and concentration at the liquid-vapour interface are 

specified. A symmetry boundary condition was also specified at the mid
plane of the tank, reducing computational time by half.

4.4 Solution Strategy

The initial condition for the model run was set by a steady state run with a 
wall located at the flow inlet and the outlet remaining as an opening. This 
approach provided CFX with a initial solution with no flow into the model. 
A subsequent transient run of 4800 time steps of 0.125 seconds, and a max
imum of 9 loops for each time step provided the transient flow response 
within the fuel tank model over a typical leak test flow duration. Solution 
convergence was determined by meeting a maximum residual requirement 
of IE-5. A solution converged to a residual of IE-4 was essentially identical 
to that converged to IE-5. A model was also rim on a finer mesh, w ith sim
ilar results. Details on the mesh sensitivity study are given in appendix D.
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4.5 Results

4.5.1 Air Flow Characteristics

The air velocity profile at the center plane filler neck and service port inlet 
to the fuel tank can be seen in figure 4.2. The fuel pum p enclosure beneath 
the service port inlet tended to reflect the flow of air jetting downward into 
the tank back to the top of the tank. This upward air velocity assisted the 
buoyant force from the dense fuel vapour-air mixture on the relatively light 
air entering the tank. As a result, the majority of the air travels along the 
top of the tank, and mixing primarily becomes dependent on the diffusion 
characteristics of the mixture.

4.5.2 Comparison to Experimental Results

A comparison of the model and experimental results obtained in chapter 3 
was done by looking at the concentration profile at the rear comer of the 
tank for three different initial concentrations. The model showed the best 
agreement with the low initial concentration typical of slightly weathered, 
low volatility fuel, shown in figure 4.3. Figure 4.5 compares the model con
centration profile to the three sensors at this location (sensors 3, 4, and 5). 
The model showed excellent agreement after 2.5 minutes of flow. As the 
flow continued to 5 and 10 minutes, the model began to deviate from the 
experimental results.

The deviation is likely caused by some mixing process that is present in 
the experimental tank but is not seen in the model. The experimental air 
flow entering the tank may have a swirl component from a 90 degree elbow 
in the fuel sending unit, just before it enters the tank. Also, the experimental 
inlet was not located in the direct center of the sending unit as modelled.

4.5.3 Flammable Mixtures

The goal of this chapter is to evaluate the flammable mixtures formed dur
ing leak testing procedures when air is used as the test fluid in a typical au-
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Figure 4.2: Velocity vector diagrams at the mid plane of the fuel tank for a 
flow of 10 LPM from the service port. The filler neck is shown in (a) and the 
service port inlet is shown in (b).
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Figure 4.3: Comparison of model and experimental gasoline vapour mole 
fraction for weathered gasoline S. W. 5 with an initial gasoline vapour mole 
fraction of 21% at a flow rate of 10 LPM.

tomotive fuel tank. A wide range of conditions can be experienced during 
leak testing, and the effects of the two primary conditions, air flow rate and 
initial fuel concentration, are discussed here. Figure 4.6 shows the relative 
effect of the initial fuel vapour fraction on the flammable volume formed 
in the tank for a 10 LPM air flow from the service port. At higher initial
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Figure 4.4: Comparison of model and experimental gasoline vapour mole 
fraction for low volatility gasoline.

concentrations, the time for the initial dilution to the flammable region is 
increased. With 90 kPa gasoline, very little flammable mixture is formed 
until 4.5 minutes has elapsed. Therefore, one method of keeping leak test
ing safe is to use high volatility gasoline while limiting the test duration to 
approximately 5 minutes, at a flow rate of 10 LPM.

The inlet flow rate also has a significant affect on the flammable mixture
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Figure 4.5: Comparison of model and experimental gasoline vapour mole 
fraction for S. 90 with an initial gasoline vapour mole fraction of 50% at a 
flow rate of 10 LPM.

formed in the tank. Figure 4.7 compares the flammable volume formed over 
a range of flow from 5 LPM to 20 LPM with an initial fuel vapour fraction of 
21%. Limiting the flow to 5 LPM creates very little flammable volume until 
nearly 4 minutes has elapsed, even with the low initial gasoline vapour frac
tion. The combination of limiting the flow rate with a limited flow duration
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Figure 4.6: Effect of initial composition on flammable volume formed 
within the fuel tank. Flow rate 10 LPM.

will also reduce the flammable volume formed during leak testing.
The greatest hazard is encountered when low volatility gasoline is com

bined with a high air flow rate and a long test duration. Figure 4.8 shows the 
buildup of flammable mixture in the fuel tank for an initial gasoline vapour 
fraction of 21% and a flow rate of 10 LPM. The flammable region initiates at 
the air inlet as expected and gradually fills the tank from the top down, be
cause of the density difference between the air entering the tank and the rich 
gasoline vapour/air mixture in the tank, as well as the gasoline evaporating 
from the liquid interface at the bottom of the tank. Ignition sources near the 
top of the tank are much more likely to ignite any flammable vapours in the 
tank because of the top-down nature of the flammable volume.
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Figure 4.7: Effect of flow rate on flammable volume formed within the fuel 
tank. Initial fuel vapour fraction in the tank is 21%.

4.6 Summary And Conclusions

Typical leak detection flows can signficantly decrease fuel vapour concen
trations in fuel tanks under test. Numerical methods can be used to gain 
insight to vapour concentration distribution in a fuel tank that is not possi
ble with experimentation. A numerical model has been created to predict 
the vapor composition effects of air flow into a fuel tank vapor space for 
evaporative emission testing. The flammable volume formed in a fuel tank 
during leak testing can be limited by maintaining a high initial gasoline 
vapour fraction in the tank with high volatility fuel above 20°C and limit
ing the air flow rate into the tank. At an initial gasoline vapour fraction of 
50% a 10 LPM flow of air into a fuel tank is likely to be safe for up to 4 min
utes. Likewise, a 5 LPM flow into a tank containing 21% gasoline vapour 
will likely be safe up to 4 minutes. If the gasoline volatility is unknown, a 
different approach is likely required to maintain a safe mixture in the fuel
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Figure 4.8: Flammable vapours predicted for an initial mole fraction of 0.21 
and a flow rate of 10 LPM.

tank during leak testing. Chapter 5 discusses the use of inert gas to prevent 
flammable mixtures in automotive fuel tanks during leak testing.
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C h a p t e r  5

C o n c l u s i o n s  a n d  R e c o m m e n d a t i o n s

The flammable volume present in a fuel tank vapour space from a leak testing proce
dure can be minimized or prevented by several methods: maintaining high gasoline 
volatility, limiting the leak test flow rate, limiting the leak test flow duration, and 
using an inert gas as the driving component of the test fluid. This chapter evaluates 
each method for suitability in evaporative emissions system leak testing. The work 
completed in this thesis is summarized and the major conclusions are presented.

5.1 Hazard Reduction Analysis

number of approaches can be taken to reduce or eliminate flammable
mixtures formed within fuel tanks during leak testing procedures. 

Filling the tank with gasoline before testing the system will minimize the 
total vapour space within the tank and reduce the weathering effect on the 
fuel. This may not be ideal because the indicating fluid will not be able to 
exit the leak if it is located below the liquid interface in the tank, and a liquid 
gasoline leak might not be as easily found.

The gasoline vapour concentration present in the tank before testing 
should be maintained as high as possible. High volatility gasoline blends 
will increase the initial concentration; however, most jurisdictions concerned 
with evaporative emissions will have regulations requiring low volatility 
gasoline. Vehicles will usually come to the shop with pre-existing gasoline 
in the tank and most repair facilities do not have the capability to measure
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gasoline volatility. Emptying and refilling the fuel tank will also take valu
able shop time so this is not the most desirable approach to ensure safety.

The initial gasoline vapour concentration can also be increased by in
creasing the temperature of the fuel system prior to testing. Liquid fuel tem
peratures typically rise approximately 0.14°C per minute during the first 
hour of operation, with the exact rate depending on the vehicle configura
tion. 1 Therefore, from the perspective of the fuel tank contents, testing a hot 
vehicle that has recently been operating is safer than testing a vehicle that 
has been sitting for a long period. The other option is to maintain a high am
bient temperature in the test environment; however, some unheated shops 
may not have the option of controlling the ambient temperature during leak 
testing. It should be noted that purging the vapour contents of a fuel tank 
containing a high initial gasoline concentration will result in more gasoline 
vapour released in the environment surrounding the evaporative emissions 
system. If ignited, this vapour could produce a flash fire outside the system.

Reducing the flow rate of air during leak testing will also reduce the 
volume of flammable vapour formed during testing. A flow rate of 5 LPM 
resulted in 6 L of flammable mixture after 5 min with an initial gasoline 
vapour concentration of 21%, compared with 19 L of flammable mixture for 
a 10 LPM flow rate. This was approximately a three-fold reduction.

Limiting the leak testing flow duration reduces the amount of air enter
ing the system and of fuel vapour exiting the system. Some leak detection 
machines include automatic flow shutoff after a 5 min flow duration.2 How
ever, nothing prevents service personnel from running multiple consecutive 
cycles.

If the use of air is unavoidable for leak testing, every effort should be 
made to eliminate any ignition sources around the tank for at least 20 min
utes after the test cycle has been completed. Proper grounding will prevent 
static discharges, and the vehicle ignition key should remain off for this pe
riod to prevent any sparks generated by the fuel pum p electrical circuit.

Another option for preventing flammable mixture formation in fuel tanks 
is to use an inert gas such as nitrogen or carbon dioxide as the driving com-
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ponent of the test fluid. This approach has been used in the aircraft industry, 
as noted in chapter 2. The flammable range is decreased by adding inert gas 
to the mixture.3 Figure 5.1 demonstrates the difference between using ni
trogen and air.4 Adding 100% nitrogen to a typical fuel tank equilibrium 
vapour mixture will completely prevent flammable mixtures from form
ing within the tank, as long as the initial mixture is above the flammable 
range. A 50% nitrogen/50% air (90% nitrogen/10% oxygen) mixture will 
prevent flammable mixtures from forming when the gasoline vapour is ini
tially above 20%.

5.2 Summary and Conclusions

The recent developments in evaporative emissions regulations have created 
a need for finding leaks in automotive fuel systems, specifically the equip
ment used to control evaporative emissions. Automobile fires in public ser
vice stations have shown an upward trend since the introduction of automo
tive evaporative emissions control equipment. While statistics that specif
ically pinpoint the cause of these fires are limited because of the difficulty 
of determining the fire origin, concerns have been raised regarding the po
tential fire or explosion hazards during a typical fuel system leak detection 
procedure. A fire or explosion in an automotive fuel system requires a fuel 
vapour-air mixture within the flammable range and an ignition source. The 
many possible scenarios for ignition make ignition source elimination im
practical. Controlling the properties of the mixture within the evaporative 
emissions system is a more realistic method of controlling the hazards. The 
goal of this work was to identify leak testing situations where flammable 
mixtures can be formed within a fuel tank.

Flammable mixtures can be formed both within and outside the fuel sys
tem. Any time rich fuel vapour is leaking from the fuel system to the atmo
sphere, a fire can potentially be started, because the air in the atmosphere 
will dilute the gasoline vapour to the flammable region. Such a fire could 
potentially spread to other vehicle components, possibly consuming the en-
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Figure 5.1: Ternary diagrams showing the difference between using nitro
gen and air as the driving component of the test fluid. Gasoline vapour/air 
mixtures are represented by the left hand axis (a). The typical range of ini
tial gasoline vapour mole fraction is between 21% and 50% (b). The mix
ture passes through the flammable range when mixed with air (78% nitro
gen). By mixing with 100% nitrogen, the mixture does not approach the 
flammable range (c). As low as 90% nitrogen (balance oxygen, nominally 
a 50% nitrogen/50% air mixture) can be used to dilute the initial gasoline 
vapour mixture without passing through the flammable range (d).
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tire vehicle. Flammable mixtures formed within the system can create a sig
nificant pressure rise if ignited, leading to fuel system component failure. 
At a minimum, any failed components will require replacement. If liquid 
gasoline is spilled, an escalating pool fire can continue to bum  and spread. 
This dissertation focused on evaluating and predicting gasoline vapour/air 
mixtures in the fuel tank with low liquid levels present, the case where the 
fuel system has nearly maximum vapour volume. Experimentation and nu
merical modelling were used to determine the extent of flammable mixtures 
formed during leak test procedures.

An experimental test rig was developed based on a common passenger 
car fuel tank/filler neck configuration. Oxygen sensors mounted directly 
on the fuel tank provided real time monitoring of the oxygen concentration 
without compromising flow characteristics within the fuel tank. The cali
bration of the sensors was verified with vapor pressure measurements and 
gas chromatography. With the oxygen concentration known, the gasoline 
vapor concentration could be calculated.

A numerical model was created to predict fuel vapor concentrations in 
fuel tanks during evaporative emissions testing. Typical leak detection sce
narios where flow entered the tank from the service port were modeled. The 
total flammable volume was calculated for a range of flow rates and initial 
gasoline vapour concentrations.

The numerical model showed similar trends in the distribution of gaso
line vapour concentration in the tank to the experimental results, partic
ularly within the first 5 minutes of flow. As time increased, the model 
increasingly deviated from the experimental results, indicating that some 
large scale mixing phenomenon was not being modeled ideally. However, 
the model provided a good indication of the flammable mixture volume 
formed in the tank under the conditions tested.

The initial gasoline vapour concentration in the tank was the primary 
factor affecting flammable mixture formation. Initial concentrations typical 
of low volatility gasoline at cool ambient temperatures created the greatest 
hazard.
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The volume of flammable mixture formed was also dependent on leak 
test flow rate. Flammable quantities of up to 25 L were noted at a leak test 
flow of 10 LPM.

The flammable mixture volume within the fuel tank increased up to the 
maximum flow duration of 10 minutes. At least 20 minutes were required 
after flow testing for the tank to return to near equilibrium.

A field test was conducted to see the extent of damage when a fuel tank 
containing flammable mixture from a leak test procedure was ignited, as 
described in Appendix E. The fuel tank sending unit was propelled out of 
the tank and the tank experienced significant deformation.

5.3 Recommendations

Ideally, an inert gas such as nitrogen should be used for all leak testing 
procedures. Nitrogen concentrations over 90% are effective at eliminating 
flammable volumes within the fuel tank. In the event that there is no inert 
gas available, air can be used with caution. The liquid level in the fuel tank 
should be kept as high as possible to reduce the total vapour space and 
the effects of weathering. Preferentially, the tank should be filled with high 
volatility gasoline. The air flow rate should be limited below 10 LPM and 
the flow duration should be limited to 5 minutes. Ignition sources should 
be limited as much as possible during and for a minimum of 20 minutes 
after a leak test where air is used.

5.4 Future Work

This work demonstrates that significant quantities of flammable mixture 
can be formed within fuel tank vapor space during leak testing. The fuel 
tank considered in this work was representative of "thin profile" tanks com
monly found in front wheel drive passenger cars. Flammable mixtures may 
form differently in other fuel tank geometries.

Alcohol blended fuels can have lower initial vapour concentrations and
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a wider flammable range than gasoline.5 Also, the weathering character
istics of such a mixture could be exacerbated. The combination of these 
factors will likely cause greater volumes of flammable mixtures when leak 
testing is performed on a vehicle containing an alcohol blended fuel than 
similar circumstances with a non-oxygenated fuel. Additional work could 
identify the extended conditions where leak testing is a hazard w ith alcohol 
containing fuels.

Ignition and flame propagation from an external source will be depen
dent on the dispersion characteristics of the gasoline vapour as it is expelled 
from the fuel system. A study on vapour behaviour outside the fuel tank 
could shed some light on the possibility of ignition form external sources.
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A p p e n d i x  A

E q u i l i b r i u m  V a p o r  P r e s s u r e  M e a s u r e m e n t s

A.1 Introduction

The flammability of a gasoline vapour mixture can only be determined if 
the relative quantity of gasoline vapour is known. As noted in chapter 2, 
gasoline is a volatile liquid at room temperature and will produce vapour 
at a liquid-gas interface up to an equilibrium vapour pressure. The concen
tration of a gasoline vapour/air mixture at equilibrium can be calculated 
if the gasoline vapour pressure and the total pressure are known. This ap
pendix describes the method used for equilibrium gasoline vapour pressure 
measurement.

A.2 Vapour Pressure M easurement Standards

Volatility is one of the most critical properties for gasoline performance in 
engines1 and standards have been developed by ASTM to accurately and 
repeatably measure the equilibrium vapour pressure. The most common 
method used for measuring Reid Vapour Pressure is standardized in ASTM 
D 323.2 A filled liquid sample container is connected to a vapour chamber 
containing air at 37.8°C and atmospheric pressure. Once the pressure in 
the vessel immersed in a 37.8°C water bath has reached a stable value for 
2 minutes the gauge pressure relative to atmospheric pressure is recorded 
as the vapour pressure of the fuel. This method requires a purge of the
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vapour volume with warm water between tests to remove any remaining 
volatile components. An alternative procedure, described in D 4953,3 is a 
dry procedure and does not require a warm water purge.

A method which measures Dry Vapour Pressure Equivalent (DVPE) is 
covered by ASTM D 5191,4 and is also used by Health Canada for deter
mining vapour pressure of petroleum products.5 The method is essentially 
identical to that listed above in ASTM D 4953, but the liquid sample is in
jected to an initially evacuated chamber. The vapour pressure is calculated 
by adding correction factors to the total pressure achieved in the test vessel. 
Using an evacuated vapour chamber has the advantage that it does not need 
to be maintained at the test temperature prior to adding the liquid sample. 
The vapour pressure can then be measured at various temperatures. For the 
testing done for this thesis, the vapour pressure at ambient conditions can 
be converted into the equilibrium vapour concentration in the fuel tank, so 
a procedure was developed that used an evacuated vapour chamber.

A.3 Test Equipm ent and Procedure

A test bomb was constructed as shown in figure A.I. Liquid and volume 
chambers were separated by a ball valve. The liquid/vapour volume ratio 
was 1:4.2, within the range prescribed by ASTM D 4953. A Marsh Instru
ments combination pressure/vacuum  gauge was used to measure pressure 
within the bomb. Before each test, the bomb was evacuated with a Leybold 
vacuum pump. The vacuum was monitored for 5 minutes to identify any 
leaks and to ensure removal of any volatile components from the previous 
test. A water bath and an Omega HH11 thermometer were used to maintain 
and measure the test bomb temperature.

The test procedure followed the steps shown in figure A.2. The liquid 
sample was pulled from the gas tank and added to the test bomb immedi
ately to minimize evaporative losses. The ball valve separating the liquid 
and vapour chambers was closed, and excess liquid was drained from the 
vapour volume. The vapour chamber was then evacuated and sealed with a
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Vacuum Connection

Ball Valve #2

Combination
Pressure/Vacuum

Gauge
Vapour Volume (125 mL)

Ball Valve #1

Liquid Volume (30 mL)

Figure A.l: Diagram of vapour pressure test bomb construction. The bomb 
was separated by a ball valve into liquid and vapour chambers with a liq
u id /vapour volume ratio of 1:4.2. The vapour pressure was measured by a 
combination pressure/vacuum  gauge.

ball valve. The vacuum pressure in the vapour chamber was monitored for 
5 minutes to determine if any leaks or volatile liquid residue were present. 
At this point, the ball valve separating the liquid and vapour chambers was 
opened and the apparatus was shaken for 1 to 2 minutes to obtain equilib
rium. After 15 minutes or until the pressure indication stabilized the vapour 
pressure was recorded at ambient temperature. The bomb was then inserted 
into the water bath and the pressure allowed to stabilize at a temperature of 
38°C.

The total pressure within the vessel was calculated with the measured 
gauge pressure and atmospheric pressure obtained from a mercury barom
eter.
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1 Add 
Liquid 
Sample

(1)

f  Evacuate 
Vapour 
Volume

i
(4) (5) (6)

Figure A.2: Diagram of vapour pressure test procedure. By filling the bomb 
above the lower ball valve (1), closing the valve (2), and emptying the re
maining contents of the bomb (3), a 4.2:1 vapour to liquid ratio was ob
tained. After evacuating (4) and sealing the upper portion of the bomb
(5), the lower ball valve was opened and the vessel was rapidly agitated 
to reach equilibrium. A vapour pressure measurement was taken at ambi
ent temperature and at 38°C in a water bath (6). The vapour pressure was 
measured by a Marsh Instruments combination pressure/vacuum  gauge.

A.4 Vapour Pressure Measurement Uncertainty

The uncertainty in the vapour pressure measurement procedure was ob
tained by taking measurements with a pure substance of known vapour

(2 )

I

^-^T he rm ocoup le  
(Type “K”)

W ater Bath
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pressure (n-pentane), comparing measurements with independently obtained 
measurements for 3 different gasoline volatility blends, and by taking re
peatability measurements.

A.4.1 Pentane Vapour Pressure M easurement

Multicomponent mixtures such as gasoline are difficult to sample accu
rately for vapour pressure measurement, because high volatility compo
nents will evaporate relatively faster and the overall volatility of the re
maining liquid will decrease. Pure substances are less sensitive to sampling 
procedures, so n-pentane was chosen to verify the accuracy of the test bomb 
itself. Also, the vapour pressure of n-pentane is well documented in litera
ture, and can be calculated from the following relationship:6

e 7 8 .7 4 1 -^ ^ -8 .8 2 5 3 In (T )+ 9 .6 1 7 1 * 1 0 -6(T)2 

P s a t  = ^  (A.1)

Figure A.3 shows a comparison of pentane vapour pressure from liter
ature with the measured values. The measured values showed excellent 
agreement with the above relationship, with a maximum error of 2%.

A.4.2 Gasoline Vapour Pressure M easurement

The Imperial Oil Strathcona Refinery provided gasoline samples that had 
been RVP tested at their laboratory. High volatility (RVP = 96 kPa) and 
low volatility (RVP = 60 kPa) gasoline blends were tested with the vapour 
pressure test procedure. The measured values were compared to theoreti
cal values calculated with equation 2.5(A.2) over a range of temperatures, 
shown in figure A.4.

6.08  — 3 10 .8[6.08-log(RVP)]
P s a t  =  10 T+273 (A.2)

The measured values reasonably matched the theoretical vapour pres
sure over a temperature range from 16°C to 38°C, covering typical ambient 
shop temperatures up to the RVP measurement temperature. The maxi-
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Figure A.3: Comparison of measured and theoretical vapour pressure for 
n-pentane.

mum error between the measured and theoretical vapour pressure was 5%. 
The vapour pressure measured was lower than expected at high temper
atures for the high volatility gasoline. This was likely because the entire 
bomb was not submersed in the water bath by design. Near the test tem
perature of 23°C, the vapour pressure error was within 2%.

A.4.3 Repeatability

A series of three measurements were taken on two separate gasoline blends 
to determine repeatability of the vapour pressure measurement procedure. 
In each case, the measurements agreed within 2%.
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Figure A.4: Vapour pressure measurement for two gasoline blends. The 
theoretical curve is based on equation 2.5 and the independently measured 
Reid Vapour Pressure of 59.9 kPa (a) and 95.9 kPa (b). Gasoline designations 
are listed in table 3.2.
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G a s  C h r o m a t o g r a p h  M e a s u r e m e n t s

6.1 Introduction

The oxygen sensors used for the work in this project showed different re
sponse characteristics to gasoline-air mixtures than to nitrogen-air or butane- 
air mixtures. Vapour pressure measurements were convenient for calibrat
ing the sensor response at different equilibrium concentrations, created by 
varying the composition of the fuel. However, vapour pressure measure
ments could not be used to verify the transient response of the oxygen sen
sors when the composition remained essentially the same. A procedure was 
developed to pull gas samples from the fuel tank and analyze them with a 
gas chromatograph (GC).

B.2 GC M easurement Procedure

A SGE 10 mL gas tight syringe was used to pull samples from the gas tank. 
The syringe was initially purged with air by stroking the plunger 2 times 
before sampling, ensuring a common starting point for all samples. The 
needle was inserted into silicone septums in fittings at 8 locations on the gas 
tank and a 4 mL sample was pulled. This sample was immediately expelled 
into a Vacutainer® 3 mL draw sample tube, which initially contained air 
under partial vacuum. The 4 mL sample size was chosen to maintain a 
positive pressure in the 3 mL sample tube.

87
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The initial air contents of the sample tubes diluted the injected samples 
to some degree. The dilution reduced the gasoline vapour concentration in 
the sample tube. This was important so a moderate temperature decrease 
would not result in gasoline vapour components condensing in the sam
ple tube when saturated samples were taken. The GC used was a Hewlett 
Packard 5890 II with an Agilent thermal conductivity detector. A 250 fiL 
sample was injected in a Alltech CTRI column.1

To calculate the fuel concentration in the fuel tank at the point of sample, 
the GC results had to be corrected for the initial sample tube contents and 
any air that introduced due to the sampling process. A 5 L tedlar bag was 
filled with pure nitrogen and sampled with the same method as used for 
the fuel tank samples. Figure B.l shows the GC output for a pure nitrogen 
sample. The air content was calculated by subtracting the oxygen, carbon 
dioxide peaks, and calculating the nitrogen contribution of the air from a 
lab air sample, shown in figure B.2.

Once the extra air in the sampling process was accounted for, the gaso
line vapour fraction could be calculated. The GC output for a typical gaso
line vapour/air sample from the fuel tank is shown in figure B.3. The fuel 
concentration was determined by subtracting the initial air contents and the 
air added in the sampling process, and subtracting the air from the total re
maining.

B.3 Uncertainty in GC M easurements

Gas chromatography measurements have many sources of error. The GC it
self may introduce error if any leaks are present in the column or associated 
equipment, or if the carrier gas is off specification. For the measurements 
taken using the above method, the sampling process likely introduces the 
greatest error. The sample tubes, while under vacuum, do contain some 
gases and the composition may vary between tubes. The volume extracted 
from the tank with the syringe is diluted with this gas in the tube. The 
volume of the sealed portion of the syringe has some uncertainty and the
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Sample Size 10
Mean 91.8%

Standard Deviation 0.5%

Table B.l: Nitrogen sample statistics.

contents of the needle portion that does not get sealed are unknown, as air 
can diffuse into the needle as the sample is transferred from the tank to the 
sample tube.

To estimate the uncertainty in the GC measurements, ten samples of 
pure nitrogen were pulled and measured in the GC. Sample tubes were ran
domly selected from the entire population. Summary statistics for the gas 
chromatograph measured nitrogen concentration are shown in table B.l.

The nitrogen sampling and GC measurement procedure was repeatable 
within 1% percent, to two standard deviations.

The uncertainty in measuring gasoline vapour fraction with the GC pro
cedure was measured by extracting four samples from the gas tank at sam
ple points 3, 5, 6, and 7 when the vapour in the tank was at equilibrium. 
The GC measurement was then compared with the vapour pressure mea
surement at ambient temperature. The repeatability among the four sample 
points was 0.6%, to two standard deviations. The GC measured value of 
50.2% agreed well with the predicted 50.8% gasoline fraction based on the 
vapour pressure measurement.
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File : c:\class-vp\kelvin\aprill9.004
Method : c :\class-vp\kelvin\oxypure.met
Sample ID : tl
Acquired : Apr 19, 2006 14:12:25

Page 1 of 1 (4

c:\claaa-vp\kelvin\apfll19.004 — Channel A

Channel A Results

Pk No RT Area Cone (%) PEAK NAME
1 0.55 7139892 0.00
2 1.28 5251 0.00 Carbon Dioxide
3 5.64 1927962 8.07 Oxygen
4 9.53 23716354 92.36 Nitrogen

Totals :
32789460

Figure B.l: Pure nitrogen sample taken in Vacutainer®. Oxygen present 
from residue in container.
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File 
Method 
Sample ID 
Acquired

0.5

0.4

0.3
V
01 
t 
s

0.2

0.1

0.0

0
Channel A 

Pk No

1
2
3
4

Totals :

Page 1 of 1 (2)
: c:\class-vp\kelvin\aprill9.002 
: c:\class-vp\kelvin\oxypure.met 
: lab air
: Apr 19, 2006 13:36:50

c:\class-vp\kelvln\apr1ll9.002 -  Chanrtal A

0.5

.9Q
c
IaO

i "i

Results
Cone {%) PEAK NAME

0.56 7455676 0.00
1.28 44131 0.00 Carbon Dioxide
5.63 5216089 21.82 Oxygen
9.55 19994804 77.86 Nitrogen

Figure B.2: Laboratory air GC sample.
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File 
Method 
Sample ID 
Acquired

c:\class-vp\kelvin\aprill9.018 
c:\class-vp\kelvin\oxypure.met 1
Apr 20, 2006 11:51:39

Page 1 of 1 (18)

c:Vdas>>vp\k«1vtn\Aprll19.018 — Channel A

Channel A Results

Cone {%)

1 0.55 6811565
2 1.27 9199
3 5.63 4120192
4 9.58 13085252

Totals :
24026208

0 . 0 0
0 . 0 0

17.24
50.96

Carbon Dioxide
Oxygen
Nitrogen

Figure B.3: Fuel tank contents sample taken in Vacutainer®. Fuel vapour 
concentration calculated from oxygen and nitrogen contents.
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A p p e n d i x  C

E n v i t e C ®  0 2 S e n s o r  C a l i b r a t i o n

C.l Introduction

To obtain experimental data on the gasoline vapour fractions in an auto
motive gasoline tank under flow conditions, a method for measuring the 
concentrations in the tank during testing without affecting the flow is re
quired. Oxygen sensors can measure the oxygen fraction at a point in real 
time, and if the mixture at the sensor is known to be entirely composed of 
air and gasoline vapour, the complementary gasoline vapour fraction can 
be calculated.

C.2 Sensor Description and Theory

EnviteC® Oxiplus A O 2 sensors were used for experimental testing. Spec
ifications for these sensors are given in Table C.l. The sensing element in 
these sensors is a electrochemical cell that produces voltage from a chemi
cal reaction with oxygen. The operating principle is similar to a fuel cell or 
battery, with a cathode, electrolyte, and anode. The oxygen exposed to the 
sensor diffuses through a teflon membrane as shown in figure C .l, where it 
contacts the sensing electrode. The oxygen is reduced to hydroxyl ions and 
subsequently oxidizes the anode material, which is usually composed of 
lead.1 The voltage output of the sensor is proportional to the rate of oxygen 
diffusing through the membrane.

94
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Oxiplus A Sensor Specifications
Measurement Range 

Output in Ambient Air 
Zero Offset Voltage 

Temperature Compensation 
Humidity Effect 

Output Drift 
Operating Temperature 

Operating Humidity

0 to 100% oxygen 
7 to 13 mV 

<40 /i V in N2 
Built In NTC 

<0.03% per % R.H. at 25°C 
< per m onth 

0 to 50°C 
0 to 99% R.H.

Table C.l: Oxiplus A Sensor Specifications

^M em brane
Gas Mixture

Sensing Electrode.
Insulator

■Lead Anode

■Current Collectors

Figure C.l: Oxiplus A sensor schematic showing major components. Sensor 
output is dependent on rate of oxygen diffusion through a Teflon® mem
brane.

Oxygen diffusion through the membrane is determined by the partial 
pressure of oxygen present at the membrane, temperature, and the compo
sition of the non-oxygen balance of the mixture. The Oxiplus A sensor has 
electronic temperature compensation to correct for any temperature devia
tions during testing. Carrier gas components with small molecules will al
low oxygen to diffuse more readily than components with large molecules.2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C. ENVITEC® 0 2 SENSOR CALIBRATION 96

100 kQ

1 k£)

p /V V
1 kQ-v w out

(To USB-6009 DAQ)
1/2 LM358

(Oxiplus A Output)

Figure C.2: A non-inverting amplifier was used to amplify the sensor out
put signal with a gain of 101.

A sensor calibration test sequence was required to compensate for the effect 
of each carrier gas used in conjunction with the sensor.

The sensitivity of the sensor is variable because of the nature of the 
chemical reactions within the cell. The output is dependent on the elec
trolyte concentration, and as the sensor ages, voltage output decreases. The 
effect is small over a short period of time (<1% oxygen concentration drift 
in output per month). The sensitivity varies between sensors due to the 
variability of the manufacturing process, so each sensor requires individual 
calibration.

C.3 Signal Conditioning

Typical sensor output for the Oxiplus A sensor was approximately 7 to 11 
mV for air at atmospheric pressure. Obtaining adequate resolution with the 
0-10 V, 13 bit A /D  converter in the National Instruments™ USB-6009 re
quired amplification. A non-inverting amplifier with a gain of 101 as shown 
in figure C.2 increased ambient air output above 1 V. Resolution for this 
configuration was approximately 0.02 % oxygen per step for nitrogen-air 
mixtures with average sensor sensitivity.
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The low millivolt output of the sensor introduced some noise to the ac
quired data. A 10 value non-weighted moving average filter implemented 
in the data acquistion software provided smoothing without affecting tran
sient response significantly.

Samples were recorded at a rate of 4 Hz during the first phase of testing 
when air was flowing into the system. The sampling rate was decreased to 
0.5 Hz after the flow was stopped and data was collected until the gasoline 
vapour in the system returned to equilibrium.

C.4 Sensor Calibration

The eight sensors used to monitor oxygen content at various positions in the 
gas tank were connected in series to a Dasibi Multi-Gas Calibrator. The Da- 
sibi was used to produce volumetric air-nitrogen and air-butane mixtures at 
atmospheric pressure. Butane was chosen as one of the major components 
in the gasoline vapor, and because it is a gas at atmospheric conditions. The 
voltage output was compared between the air-butane and air-nitrogen mix
tures to determine if the butane had a measurable effect on the sensor out
put when mixed with air. Finally, a calibration was performed with gasoline 
vapour.

As previously mentioned, the sensor measures oxygen partial pressure. 
The oxygen volumetric concentration can be calculated from the partial 
pressure as follows:

C.4.1 N 2 -Air Calibration

An initial calibration with nitrogen was done for all 7 sensors mounted di
rectly in the fuel tank. The calibration for sensor 1 can be seen in figure 
C.3. The non-inverting amplifier created a small voltage offset which was 
compensated for with the calibration.
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CL

0.4-

o  Sensor 1 Output
0 .2 -

0.0
0 5 10 15 20 25

Oxygen Concentration (% vol.)

Figure C.3: Initial nitrogen-air calibration of sensor 1. The sensors exhib
ited excellent linearity under these conditions. Some offset from the non
inverting amplifier was evident.

C.4.2 Butane Calibration

Since the effect of significant hydrocarbon presence on sensor output was 
unknown, an additional calibration test was run with butane-air mixtures. 
Butane was chosen as the heaviest alkane that does not produce liquid at 
atmospheric ambient conditions, and also because it is a significant com
ponent of gasoline vapour. Butane did not produce a significant effect on 
sensor output compared to nitrogen-air mixtures.

C.4.3 Gasoline Vapour Calibration

Two different techniques were used for measuring gasoline vapour fraction 
at the oxygen sensors. Equilibrium vapour pressure measurements were 
taken with an evacuated test bomb. The procedure for this process is de
scribed in Appendix A. A range of equilibrium vapour pressures were ob-
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Figure C.4: Sensor 1 response to butane-air mixtures. The presence of bu
tane did not significantly affect output compared to straight nitrogen-air 
mixtures.

tained by progressively weathering the gasoline with flow cycles. Gas chro
matograph samples were also taken at sensor 1 during a flow cycle to verify 
the equilibrium vapour pressure calibration. Figure C.5 shows the compar
ison between calibration methods. No significant difference was noted over 
the concentration range seen during the flow cycle tested. Subsequently, the 
sensor output was not affected by the gasoline vapour composition changes 
due to weathering.

The electrochemical cell nature of the oxygen sensors does not provide 
consistent sensitivity between individual sensors. A transfer function for 
each sensor used to convert output voltage to gasoline vapour concentra
tion was calculated based on the equilibrium vapour pressure calibration 
and is shown in figures C.6 and C.7.
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Figure C.5: Comparison of equilibrium vapour pressure calibration to tran
sient gas chromatograph calibration. Ambient conditions were Tamb = 23°C 
and Patm = 93 kPa.

C.5 Sensor Transient Response 

C.5.1 Oxygen Concentration Response

The time response of the oxygen sensors was important when measuring 
transient oxygen concentrations. Sensor response was considered to two 
transient parameters: oxygen concentration in a nitrogen/air mixture and 
total pressure of air.

First, the sensors were exposed to a step change in oxygen concentration 
from 21% (pure air) to 0% (pure nitrogen). The response is shown in figure 
C.8. The sensor exhibited first-order response characteristics as expected. 

The differential equation describing this response is3

+ y = K x  (C.2)
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Figure C.6: Gasoline vapour fraction transfer functions for sensors 1 
through 4 when measuring gasoline vapour/air mixtures. Ambient con
ditions were Tam6 = 23°C and Patm = 93 kPa.

In this case, the initial condition at t = 0 is y = 21%. At t = 0, the input x 0 
drops to 0%. The general equation for the output y is

y =  Ce * + K x c (C.3)
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Figure C.7: Gasoline vapour fraction transfer functions for sensors 5 
through 7 when measuring gasoline vapour/air mixtures. Ambient con
ditions were Tamb = 23°C and Paim = 93 kPa.

At t = 0, y = 21%, and xo=0, so

C  -  21 (C.4)

Thus, the sensor response under these conditions becomes
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Figure C.8: Sensor 1 response to a step input from air to 100 % nitrogen. The 
output reached 90% of the steady state value in 2.9 seconds.

y = 21e^ (C.5)

Based on the sensor response in figure C.8, the time constant r  = 1.1 sec.

C.5.2 Total Pressure Response

The transient response to total pressure changes was also measured. A step 
pressure change from atmospheric pressure (93 kPa absolute) to 8 kPa (101 
kPa absolute) with air was imposed on the sensor.

In this case, the initial condition is now a oxygen partial pressure of
y = 20.3kPa at t = 0. The step input is now x0 = 22.2. Under these condi
tions, equation C.3 becomes

y = 22.2 -  1.9e^ (C.6)
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Figure C.9: Sensor 1 response to a step input from air at atmospheric pres
sure (93 kPa absolute) to 101 kPa absolute. The output reached 90% of the 
steady state value in 2.7 seconds.

Based on the measured step response, the time constant r  = 1.3 sec for 
this case.

C.5.3 Moving Average Filter Effects on Transient Response

Electrical noise introduced in the amplification was reduced with a 10 value 
non-weighted moving average filter. The pressure step input was repeated 
with the filter active to see if the transient response was affected. The filter 
increased the time response by 15%, shown in figure C.10. The time constant 
r  was increased to 1.4 sec with the use of the filter.
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Figure C.10: Sensor 1 response to a step input from air at atmospheric pres
sure (93 kPa absolute) to 101 kPa absolute, with no filtering and with a 10 
value non-weighted moving average filter. The output reached 90% of the 
steady state value in 3.4 sec, an increase of 15%.

C.6 M easurement Uncertainty

The application of the Oxiplus A sensor to measuring transient oxygen con
centrations in gasoline vapour/air mixtures introduces uncertainty from 
the transient response characteristics of the sensor and the altered sensor 
sensitivity from the gasoline.

C.6.1 Transient Response Uncertainty

As previously determined in section C.5.1, the time constant for the oxygen 
sensors was r  = 1.4 sec. The maximum rate of change of gasoline vapour 
fraction measured was 101% HC per minute at the sensor 7 location. Based 
on a time lag of r,
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_  ^Xgas _ rjs
<x,.. -  - g f  r  (C.7)

The maximum error in gasoline vapour fraction due to the transient sen
sor response was 2% HC.

C.6.2 Non-linear Sensor Response Uncertainty

The oxygen sensor response tended to deviate from a linear response near 
the extents of the range of gasoline vapour tested. At low gasoline fractions, 
the linear approximation for the sensor response resulted in an error of 3.5% 
HC.
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A p p e n d i x  D

C F X  M o d e l

D .l Introduction

CFX 5.7, a commercial computational fluid dynamics package, was used to 
numerically model flow in a gas tank under leak testing conditions. This 
model could be used to estimate the total flammable volume formed in a 
typical fuel tank when leak testing is performed with air.

D.2 Fluid Properties

Most of the fluid properties were taken from the CFX built in library, with 
the exception of the equilibrium fuel vapour pressure and the binary kine
matic diffusivity of the fuel vapour in air. The equilibrium vapour pressure 
was based on the empirical data collected in the experimental section of this 
work. The kinematic diffusivity was calculated with the method of Reid.1

_  3 ^/4TrkBT /M AB 
AB l6 (P /R T )ira 2ABn Df D  ̂ ' *

Turns1 gives the method for calculating M a b , & a b ,  and Q D . The correc
tion factor f D was taken to be 1.

Figure D .l shows the diffusivity coefficient for saturated hydrocarbons 
found in gasoline vapour. The calculated value for hexane diffusivity in air 
was in close agreement with tabulated data for hexane diffusivity in nitro-
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Figure D.l: Binary diffusivity of saturated hydrocarbons typically found in 
gasoline vapour.

gen.2

D.3 Fuel Species Sensitivity Study

The sensitivity of the model to the fuel vapour properties was examined 
by completing three model runs using n-butane, n-pentane, and n-hexane 
properties. Figure D.2 shows the vertical fuel vapour fraction gradient at 
the edge of the tank for each fuel species. Very little difference was noted 
after 2.5 minutes of flow. After a flow duration of 10 minutes, hexane and 
pentane remained essentially identical. Butane produced a maximum dif
ference of 3% fuel vapour relative to pentane.

D.4 M esh Refinement Study

CFD modelling approximates the solution of the fluid properties at a finite 
number of points. The number of points chosen to solve a particular prob
lem is always a compromise between accuracy and computational expense.
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Figure D.2: Sensitivity of model results to fuel species. Typical gasoline 
vapour components n-butane, n-pentane, and n-hexane were considered.

The computers used for this modeling work were desktop PCs with 2.4 GHz 
processors and 1 Gb of RAM. A typical simulation of 10 minutes of air flow 
into the fuel tank using the standard mesh shown in figure D.3 required 
5 days to complete using the available computing resources. An additional 
model run using a finer mesh, shown in figure D.4, was completed to deter
mine the solution sensitivity to the mesh size. The statistics for the standard
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Figure D.3: Coarse mesh of fuel tank model. The vertical dimension in the 
tank vapour space was resolved with 8 elements.

Number of Nodes 24422
Number of Elements 122152

Table D.l: Coarse Mesh Statistics

Number of Nodes 83866
Number of Elements 439094

Table D.2: Fine Mesh Statistics

coarse mesh and fine mesh are given in table D .l and table D.2, respectively.
The fine mesh simulation was limited to 5 minutes of air flow time by 

the available computational resources. At this point, the results for each 
mesh were compared. Figure D.5 (a) and (b) compare the gasoline vapour 
concentration gradient in the tank after 2.5 minutes and 5 minutes of flow, 
respectively.
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Figure D.4: Fine mesh of fuel tank model. The finer mesh provided double 
the resolution (16 elements) of the vertical gasoline vapour fraction gradi
ent.
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Figure D.5: Sensitivity of model results to mesh size. Increasing the mesh 
element density by a factor of four did not change the model results sub
stantially.
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D.5 Sample CFX Input File

A CCL file for a model run of 10 LPM flow from the service port with an 
initial fuel mole fraction of .21 is included below. For clarity, the fluid prop
erties for all substances not used in the simulation are removed.

# State file created: 2006/06/14 16:00:03
# CFX-5.7.1 build 2004.11.12-23.20

FLOW:
SOLUTION UNITS:

Angle Units = [rad]
Length Units = [m]
Mass Units = [kg]
Solid Angle Units = [sr]
Temperature Units = [K]
Time Units = [s]

END
OUTPUT CONTROL:

RESULTS:
File Compression Level = Default 
Option = Full 

END
TRANSIENT RESULTS:Transient Results 1 

File Compression Level = Default 
Option = Minimal
Output Variables List = Absolute Pressure,Air Ideal Gas.Mass Fraction, 
Air Ideal Gas.Molar Fraction, C5H12.Mass Fraction,C5H12.Molar Fraction, 
Density,Pressure,Velocity 
Time Interval = 10 [s]

END
END
DOMAIN:Tank

Coord Frame = Coord 0 
Domain Type = Fluid 
Fluids List = Mixture 
Location = Assembly,Assembly 2 
BOUNDARY:Sym

Boundary Type = SYMMETRY 
Location = Symmetry,Symmetry 2 

END
BOUNDARY:Tank Default 

Boundary Type = WALL
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Location = F100.121,F101.121,F102.121,F103.121,F104.121, F105.121, 
F106.121,F107.121,F109.121,F110.121,F1U.121,F112.121,F113.121, 
F114.121,F115.121,F116.121,F118.121,F119.121,F120.121,F122.121, 
F123.121,F124.121,F125.121,F28.25,F29.25,F30.25,F32.25,F34.25,
F95.121,F96.121,F97.121,F98.121 
BOUNDARY CONDITIONS:

WALL INFLUENCE ON FLOW:
Option = No Slip 

END
WALL ROUGHNESS:

Option = Smooth Wall 
END 

END 
END
DOMAIN MODELS:

BUOYANCY MODEL:
Buoyancy Reference Density = 1.18 [kg m “-3]
Gravity X Component = 0 [m s~-2]
Gravity Y Component = -9.81 [m s“-2]
Gravity Z Component = 0  [m s"-2]
Option = Buoyant
BUOYANCY REFERENCE LOCATION:

Cartesian Coordinates = -0.637276 [m], 0.103167 [m], 0.0176777 [m] 
Option = Cartesian Coordinates 

END 
END
DOMAIN MOTION:

Option = Stationary 
END
MESH DEFORMATION:

Option = None 
END
REFERENCE PRESSURE:

Reference Pressure = 1 [atm]
END

END
FLUID MODELS:

COMBUSTION MODEL:
Option = None 

END
COMPONENT:Air Ideal Gas 

Option = Constraint 
END
COMPONENT:C5H12

Kinematic Diffusivity = Dab 
Option = Transport Equation 

END
HEAT TRANSFER MODEL:

Fluid Temperature = 293 [K]
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Option = Isothermal 
END
THERMAL RADIATION MODEL:

Option = None 
END
TURBULENCE MODEL:

Option = k epsilon 
BUOYANCY TURBULENCE:

Option = Production 
END 

END
TURBULENT WALL FUNCTIONS:

Option = Scalable 
END 

END
BOUNDARY:Inlet

Boundary Type = INLET 
Location = Evap Inlet 
BOUNDARY CONDITIONS:

COMPONENT:C5H12
Mass Fraction = 0.0 
Option = Mass Fraction 

END
FLOW REGIME:

Option = Subsonic 
END
MASS AND MOMENTUM:

Normal Speed = flow 
Option = Normal Speed 

END
TURBULENCE:

Option = Medium Intensity and Eddy Viscosity Ratio 
END 

END 
END
BOUNDARY:Outlet

Boundary Type = OPENING 
Location = Filler 
BOUNDARY CONDITIONS:

COMPONENT:C5H12 
Mass Fraction = 0 
Option = Mass Fraction 

END
FLOW DIRECTION:

Option = Normal to Boundary Condition 
END
FLOW REGIME:

Option = Subsonic 
END
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MASS AND MOMENTUM:
Option = Static Pressure 
Relative Pressure = 0.2 [Pa]

END
TURBULENCE:

Option = Medium Intensity and Eddy Viscosity Ratio 
END 

END 
END
BOUNDARY:Liquid

Boundary Type = INLET 
Location = Liquid 
BOUNDARY CONDITIONS:

COMPONENT:C5H12
Mass Fraction = VMF 
Option = Mass Fraction 

END
FLOW REGIME:

Option = Subsonic 
END
MASS AND MOMENTUM:

Normal Speed = Evap 
Option = Normal Speed 

END
TURBULENCE:

Option = Medium Intensity and Eddy Viscosity Ratio 
END 

END 
END
BOUNDARY:Domain Interface 1 Side Tank Part 1 

Boundary Type = INTERFACE 
Location = F117.121 
BOUNDARY CONDITIONS:

COMPONENT:C5H12
Option = Conservative Interface Flux 

END
MASS AND MOMENTUM:

Option = Conservative Interface Flux 
END
TURBULENCE:

Option = Conservative Interface Flux 
END 

END 
END
BOUNDARY:Domain Interface 1 Side Tank Part 2 

Boundary Type = INTERFACE 
Location = F26.25 
BOUNDARY CONDITIONS:

COMPONENT:C5H12
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Option = Conservative Interface Flux 
END
MASS AND MOMENTUM:

Option = Conservative Interface Flux 
END
TURBULENCE:

Option = Conservative Interface Flux 
END 

END 
END 

END
DOMAIN INTERFACE:Domain Interface 1

Boundary Listl = Domain Interface 1 Side Tank Part 1
Boundary List2 = Domain Interface 1 Side Tank Part 2
Interface Type = Fluid Fluid
INTERFACE MODELS:

FRAME CHANGE:
Option = None 

END
PITCH CHANGE:

Option = Automatic 
END 

END 
END
SIMULATION TYPE:

Option = Transient 
INITIAL TIME:

Option = Automatic 
END
TIME DURATION:

Option = Total Time 
Total Time = 10 [min]

END
TIME STEPS:

Option = Timesteps
Timesteps = 4800* .125[sec] %Complete list of timesteps removed for clarity

END
END
INITIALISATION:

Option = Automatic 
INITIAL CONDITIONS:

Velocity Type = Cartesian 
CARTESIAN VELOCITY COMPONENTS:

Option = Automatic with Value 
U = 0 [m s “-l]
V = 0 [m s"-l]
W = 0 [m s'-l]

END
COMPONENT:C5H12
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Mass Fraction = VMF 
Option = Automatic with Value 

END
EPSILON:

Option = Automatic 
END 
K :

Option = Automatic 
END
STATIC PRESSURE:

Option = Automatic with Value 
Relative Pressure = 0 [Pa]

END
END

END
SOLVER CONTROL:

ADVECTION SCHEME:
Option = High Resolution 

END
CONVERGENCE CONTROL:

Maximum Number of Coefficient Loops = 9 
END
CONVERGENCE CRITERIA:

Residual Target = 0.00001 
Residual Type = RMS 

END
TRANSIENT SCHEME:

Option = Second Order Backward Euler 
Timestep Initialisation Option = Extrapolation 

END 
END 

END

MATERIAL:Air Ideal Gas
Material Description = Air Ideal Gas (constant Cp)
Material Group = Air Data, Calorically Perfect Ideal Gases 
Option = Pure Substance 
Thermodynamic State = Gas 
PROPERTIES:

Option = General Material 
DYNAMIC VISCOSITY:

Dynamic Viscosity = 1.831E-05 [kg m"-l s"-l]
Option = Value 

END
REFRACTIVE INDEX:

Option = Value
Refractive Index = 1 . 0  [m m"-l]

END
SCATTERING COEFFICIENT:
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Option = Value
Scattering Coefficient = 0.0 [m"-l]

END
ABSORPTION COEFFICIENT:

Absorption Coefficient = 0.01 [m~-l]
Option = Value 

END
THERMAL CONDUCTIVITY:

Option = Value
Thermal Conductivity = 2.61E-2 [W m*-l K"-l]

END
EQUATION OF STATE:

Molar Mass - 28.96 [kg kmol"-l]
Option = Ideal Gas 

END
SPECIFIC HEAT CAPACITY:

Option = Value
Reference Pressure = 1 [atm]
Reference Specific Enthalpy = 0. [J/kg]
Reference Specific Entropy = 0. [J/kg/K]
Reference Temperature = 25 [C]
Specific Heat Capacity = 1.0044E+03 [J kg“-l K'-l] 
Specific Heat Type = Constant Pressure 

END 
END 

END
MATERIAL:C5H12

Material Description = Pentane C5H12 
Material Group = Gas Phase Combustion 
Option = Pure Substance 
Thermodynamic State = Gas 
PROPERTIES:

Option = General Material 
SPECIFIC HEAT CAPACITY:

Option = NASA Format 
Reference Pressure = 1 [atm]
Reference Temperature * 25 [C]
TEMPERATURE LIMITS:

Lower Temperature = 300 [K]
Midpoint Temperature = 1000 [K]
Upper Temperature = 4000 [K]

END
LOWER INTERVAL COEFFICIENTS:

NASA al = 0.01877908E+02 []
NASA a2 = 0.0412164 6E+00 [K*-l]
NASA a3 = 0.01253234E-03 [K‘-2]
NASA a4 = -0.03701537E-06 [K--3]
NASA a5 = 0.01525569E-09 [K--4]
NASA a6 = -0.02003816E+06 [K]
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NASA a 7 = 0.01877257E+03 []
END
UPPER INTERVAL COEFFICIENTS:

NASA al = 0.01667798E+03 []
NASA a2 = 0 . 02114483E+00 [K*-l]
NASA a3 = -0.03533321E-04 [K"-2]
NASA a4 = -0.05742202E-08 [K~-3]
NASA a5 = 0.01515948E-11 [K~-4]
NASA a6 = -0.02553670E+06 [K]
NASA a7 = -0.06372940E+03 []

END
END
DYNAMIC VISCOSITY:

Dynamic Viscosity = 6.7E-06 [kg m'-l s'-l]
Option = Value 

END
REFRACTIVE INDEX:

Option = Value
Refractive Index = 1 . 0  [m m~-l]

END
SCATTERING COEFFICIENT:

Option = Value
Scattering Coefficient = 0.0 [m"-l]

END
ABSORPTION COEFFICIENT:

Absorption Coefficient = 1.0 [m“-l]
Option = Value 

END
THERMAL CONDUCTIVITY:

Option = Value
Thermal Conductivity = 14.4E-03 [W m “-l K"-l]

END
EQUATION OF STATE:

Molar Mass = 72.15 [kg kmol"-l]
Option = Ideal Gas 

END 
END 

END

MATERIAL:Mixture
Material Group = Air Data,Gas Phase Combustion 
Materials List = Air Ideal Gas,C5H12 
Option = Variable Composition Mixture 

END 
CEL:

EXPRESSIONS:
Dab = 8.85E-6 [m*2 s*-l]
E v a p  =  ( V M F -

(areaAve(C5H12.Mass Fraction)ODomain Interface 1 Side Tank Part l))*const

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX D. CFX MODEL 121

VMF = 0.3984
const = Dab/((1-VMF)*length)
flow = inletv - inletv*step((t - flowtime)/I [s]) 
flowtime = 10 [min] 
inletv = 6.4 [m s“-l] 
length = 0.02 [m]

END
END

END

REGION ATLAS:GTM atlas 
REGION MAP:Primary map

REGION:Default 2D Region 2
Region List = F28.25,F2 9 .25,F30.25,F32.25,F34.25 

END
REGION:Interface 2 

Region List = F26.25 
END
REGION:Liquid

Region List = F27.25 
END
REGION:Symmetry 2

Region List = F31.25,F33.25 
END
REGION:Default 2D Region

Region List = F100 .121,F101.121,F102.121,F103.121,F104.121, F105.121, 
F106.121,F107.121,F109.121,F110.121,Fill.121,F112.121,F113.121, 
F114.121,F115.121,F116.121,F118.121,F119.121,F120.121,F122.121, 
F123.121,F124.121,F125.121,F95.121,F96.121,F97.121,F98.121 

END
REGION:Evap Inlet

Region List = F99.121 
END
REGION:Filler

Region List - F108.121 
END
REGION:Interface

Region List = F117.121 
END
REGION:Symmetry

Region List = F126.121 
END 

END 
END

COMMAND FILE:
Version = 5.7 

END
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A p p e n d i x  E

F u e l  Ta n k  F l a m m a b l e  M i x t u r e  Ig n i t i o n : 

F ie l d  T e s t i n g

E.l Introduction

A flammable mixture ignited in a fuel tank has the potential to do dam
age to the fuel system components, start secondary fires, and injure service 
personnel. A field test was completed to directly confirm the creation of 
flammable mixtures, and indicate the extent of damage possible in an igni
tion event after performing a leak detection procedure.

E.2 Equipm ent and Procedure

A typical steel "thin profile" gasoline fuel tank from a 1997 Chevrolet Cava
lier with approximately 4 L of low volatility, 60 kPa RVP gasoline was con
nected to an air line. The ambient temperature at the time of testing was 
15°C. The air flow was metered with an OMEGA FMA2200 flow meter, and 
controlled with a 1 /4"  needle valve. An exploding wire ignition system was 
used to ignite the mixture in the tank. The exploding wire was inserted near 
the top of the fuel sending unit, one of the possible ignition locations for an 
in-service gasoline tank. A remote switch was used to trigger the exploding 
wire.

The gasoline vapour in the tank was allowed to reach equilibrium before 
starting air flow. After air was allowed to flow into the tank at 10 LPM for

123
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a duration of 15 minutes, the exploding wire was activated. The ignition 
event was captured on digital video.

E.3 Results

Figure E.l shows the results of the flammable mixture ignition. The fuel 
pum p insert/sending unit was launched and the tank experienced a large 
amount of deformation. Flames were noted at the base of the sending unit 
as it exited the fuel tank.

The sending unit proved to be the weak point in this steel tank config
uration and once it was expelled from the tank, the remaining combustion 
products were able to vent from the large opening left in the tank. Plastic 
tank configurations may experience different results, but were not tested.

The liquid level in the tank was very low and all the fuel in the sending 
unit components, (such as the fuel send line, return line, and pump), was 
drained before the test was run. In a normal operating vehicle configura
tion, these components will contain fuel, possibly under pressure. In the 
event that the sending unit fails during an explosion, liquid fuel could be 
spilled and start a secondary fire. At any rate, this test shows that fuel sys
tem components can be explosively propelled if flammable vapours in the 
tank are ignited.

E.4 Conclusions

A fuel tank containing low volatility gasoline at normal ambient tempera
ture was exposed to a typical air flow used during leak testing. The flammable 
vapours formed in the tank were ignited from an internal source to see the 
extent of damage that would be caused. The fuel tank experienced signifi
cant deformation and the fuel sending unit was propelled out of the tank.
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(a) Before ignition

(c) Sending unit propelled from tank (d) Results of ignition event

Figure E.l: The flammable mixture formed in a fuel tank under typical leak 
testing conditions is ignited. Flow rate: 15 LPM, Flow duration: 15 minutes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


