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ABSTRACT

DISPERSION MODELLING OF JET PROPELLANT 8 SPILL IN THE
AEROSPACE INDUSTRY

Celik, Olgun
Master of Science, Occupational Health and Safety
Supervisor: Assoc. Prof. Dr. Caglar Sinayug

December 2019, 143 pages

The purpose of this study is to identify hazards, evaluate risks and suggest safety
measures in order to prevent fire and explosions due to the uncontrolled charging and
the ignition of jet propellant 8, shortly JP-8, at the fueling stations in the aerospace
industry. There are many different surveys on the ignition and the explosion of the
fuels in the literature. However, not enough researches have been made in order to
model the dispersion of the JP-8 spill in aviation. JP-8 is a petroleum product which
has wide usage in aviation as a jet engine propellant. JP-8 is a flammable hydrocarbon
mixture and its vapors can be ignited very quickly. JP-8 vapors can start a fire and
explode in open air or in the confined spaces in case of exposure to flame, spark, heat,
static electricity discharge and different types of ignition sources. A case scenario of
JP-8 spill during the fueling operations in the aviation sector is investigated to model
evaporation of JP-8 spill and dispersion of its vapors. Different evaporation and
dispersion models are discussed and compared for deciding the most suitable model
for the JP-8 spill. According to the assessment results, the area affected by the JP-8
spill and evacuation zones are defined. This research provides the required
information to design safe fueling stations and to increase the safety during fueling

operations for the aerospace industry.



Keywords: Dispersion modelling, Evaporation modelling, Oil spill, Aerospace
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0z

HAVACILIK SANAYINDE JET YAKITI 8 DOKUNTUSUNUN DAGILIM
MODELLEMESI

Celik, Olgun
Yiiksek Lisans, Is Saglig1 ve Giivenligi
Tez Danismani: Dog. Dr. Caglar Sinayug

Aralik 2019, 143 sayfa

Bu ¢alismanin amaci havacilik sanayindeki yakit istasyonlarinda jet yakiti 8’in, kisaca
JP-8, kontrol edilemeyen tutusma ve atesleme yiiziinden patlamasini 6nlemek i¢in
tehlikeleri belirlemek, riskleri degerlendirmek ve giivenlik onlemleri dnermektir.
Literatiirde yakitlarin parlamasi ve patlamasi ile ilgili bircok farkli arastirma
mevcuttur. Fakat havacilikta sektoriinde JP-8 dokiintiisiiniin havada dagilimini
degerlendiren yeterli miktarda arastirma heniiz yapilmamistir. JP-8 yanic1 bir
hidrokarbon karigimidir ve buhar1 ¢cok ¢abuk alevlenebilir. JP-8 buharlar1 acik veya
kapali ortamda alev, kivileim, 1s1, statik elektrik ve diger atesleme kaynaklarina maruz
kalmas1 durumunda patlayabilir. Havacilik sektoriindeki yakit islemleri esnasinda JP-
8 dokiilmesi durum senaryosuna gore buharlasma ve havada dagilim modellemesi
yapilmustir. JP-8 dokiintiisiine en uygun buharlasma ve havada dagilim modelini
belirlemek i¢in farkli buharlasma ve havada dagilim modelleri arastirilmis ve
karsilastirilmistir. Arastirma sonuglarina gore, JP-8 dokiintiisiinden etkilenen alanlar
ve tahliye bolgeleri belirlenmistir. Bu arastirma, havacilik sanayinde giivenli yakit
istasyonlariin tasarimi ve giivenligi artiracak yakit iglemi kurallarinin belirlenmesi

icin gerekli bilgiyi saglamaktadir.
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CHAPTER 1

INTRODUCTION

The aviation sector is growing very rapidly for decades in Turkey. Accordingly, the
number of accidents in the aviation sector is increasing. Accidents resulting from
fueling operations are major concerns of safety in aviation. Many explosions and fire
accidents occur during the fueling process of aircrafts. One of the main causes of fires
and explosions is ignition of fuel vapors, mists and sprays due to uncontrolled ignition
source during the fueling operations. Additionally, fuel has a toxic effect on humans

who are exposed to its vapors by inhalation.

The fuel vapors can arise from various liquid fuel sources such as fuel storage tanks,
fuel tanks of aircraft or fuel spills on the flight line. In the case of a fuel spill, liquid
fuel evaporates continuously and fuel vapors are emitted from the spill to the air. Fuel
vapors disperse in the air and are carried away from the source by the effect of wind.
According to the emission rate of fuel vapors from the source, vapor concentration
can rise up to flammability range and toxic level. Thus, the consequences of fuel spill
are needed to be forecasted in order to identify possible risks and maintain safety in
fueling operations. In order to estimate the possible consequences of the JP-8 spill, the

dispersion mechanism of fuel vapors is needed to be understood.

Crowl & Louvar (2011) states that fuel, oxidizer and ignition source are the main
elements of fire. Fire is an exothermic oxidation reaction of ignited fuel. Fuel, oxidizer
and an ignition source should be present in the adequate amount to start a fire process.
If not, the burning of fuel does not occur. To prevent fire and explosion, ignition
sources should be kept under control and flammable atmospheric condition should be

eliminated.



Jet fuel is a petroleum product and has different types of usage in aircraft engines. JP-
8 is kerosene typed fuel which is used in aviation. According to the U.S. Department
of Defense (2015), JP-8 has wide usage because of its safely handling characteristics
and benefits in usage such as low icing point. Ghassemi et al. (2006) says that kerosene
and dodecane, C12Hos, have very similar properties. Kerosene is more volatile than
diesel oil but not more volatile than gasoline (Speight & EI-Gendy, 2018).

Dispersion modelling of the JP-8 spill requires determination of emission rate of fuel
vapors which is equal to the evaporation rate of the JP-8 spill. There are several
evaporation models for calculation of the evaporation rate of kerosene. Five main
approaches are used and compared in evaporation modelling. Most evaporation
models regard the evaporation rate as constant during the evaporation process.
However, approaches like the empirical equation model have a logarithmic rate of
evaporation. Thus, each model has advantages and drawbacks. The most important
point in modeling is to select the most suitable model regarding the simulated case

scenario.

Mass transfer constant is also required for evaporation rate calculation. Various
models are present for mass transfer constant determination. Mainly, mass transfer
constant formulas are empirical and obtained by laboratory experiments. Some of the
mass transfer constant formulas are complex and require several information about the
spill. On the contrary, some models are simple and easy to apply. Three widely used

model is applied for evaporation modeling and results are assessed.

Numerous dispersion models are available for approximation of chemical vapors
concentration emitted from pollutant sources. In order to decide the most suitable
dispersion model, emission rate, emission duration and type of source should be
known. In this thesis, five main dispersion models are discussed. Gaussian dispersion
model is used for determining vapor concentrations arising from JP-8 spill in
downwind distances. In the Gaussian dispersion model, it is assumed that the vapor

concentration of JP-8 has Gaussian distribution over the lateral and vertical axis.



Variation of concentration in axis is correspondent to atmospheric stability class and

downwind distance from the spill.

In this current work, the scenario of JP-8 spill from the fueling system to the flight
line due to misconduct in fueling operation is evaluated. According to the spill
accident scenario, JP-8 is stored next to fueling hangars and fueling operations of
aircraft are conducted in this area. Spillage of JP-8 evaporates immediately and the
JP-8 vapor will disperse into the air by the wind. Possible safety and health concerns
such as fire, explosion and exposure to chemical vapors are discussed. As an outcome

of this study, required safety measures to maintain safe fueling operations are advised.






CHAPTER 2

LITERATURE SURVEY

2.1. Fire and Explosions

Chemicals can cause important fire and explosion hazards. According to Crowl &
Louvar (2011), in United States, chemical and hydrocarbon plants were estimated to
have $300 million worth of property losses in addition to life losses and production

stoppage in 1997 as a result of fire and explosions.

Crowl & Louvar (2011) say that the prevention of fires and explosion can only be
provided by knowing fire and explosion characteristics of chemicals, by
understanding the process of fire and explosion and recognizing the ways of reducing

fire and explosion probability.

2.1.1. The Fire Triangle

According to Crowl & Louvar (2011), the important components of the fire process
are fuel, oxidizer and ignition source. Figure 2.1. provides an understanding of fire
process and its components.



\\ Fire: \
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Y
1
/|
/| \
)\
/S/ \
-7/ Q’/ \\ \\
e’
/ Y‘/ \ '2\
/ .
4 L \ \
No Fire: / = \ \
When Any One // /W \
/ Side Is Missing /

Figure 2.1. Fire Triangle (Crowl & Louvar, 2011)

According to Crowl & Louvar (2011), fire can be described as a fast exothermic
oxidation reaction of ignited fuel. The fuel can be in many different forms such as
solid, liquid or vapor however vapors of liquid fuels are easier to be ignited. Before
the combustion process, liquids are volatized and solids are decomposed into the
gaseous phase, accordingly, the process of combustion is always conducted in the
vapor phase.

In order to fire process to occur, fuel, oxidizer and an ignition source should be
available in a sufficient amount. Therefore, burning will not take place in case of
absence or insufficiency of fuel or oxidizer and if ignition source does not have

sufficient energy to start the fire.

In the past decades, the main methodology for fire and explosion control was to
eliminate or reduce the source of ignition. However, it was realized that eliminating
or reducing sources of ignition is not adequate for fire and explosion prevention since
the required energy for ignition of flammable chemicals is very low and there are

various sources of ignition. Therefore, it was found to be more effective in fire and



explosion control to eliminate sources of ignition while avoiding flammable

atmospheric conditions to occur.

Many different types of fuels, oxidizers and ignition sources can be found in the
aviation industry. Fuels and oxidizers can be in the form of solid, liquid or gas.

Additionally, ignition sources can be found as sparks, flames static electricity and heat.

2.1.2. Distinction between Fires and Explosions

Crowl & Louvar (2011) states that the main difference between fire and explosion is
the energy output rate. In burning process, the energy output rate is slower than the
explosion energy release rate which is in degrees of microseconds. Fires can be

initiated by explosions and also explosions can be caused by fires.

2.1.3. Definitions

Fire or combustion can be defined as a chemical process in which a material reacts

with an oxidizing agent and outputs some energy.

Ignition can be initiated by interaction of ignition source with the required energy and
flammable gas in high temperatures which is sufficient for flammable gas to auto-
ignite (Crowl & Louvar, 2011).

Autoignition temperature (AIT) is the minimum required temperature for the ignition
of a combustible gas by its own heat in the absence of a glow or flame. An increase in

chain length of straight-chain hydrocarbons causes AIT to decrease (Nolan, 2014).

Flash point is the minimum temperature at which combustible vapors can be ignited
by an ignition source (Hattwig & Steen, 2004). One of the main characteristics to

specify fire and explosion hazard of liquids is the flash point temperature.



Fire point is the minimum temperature for a flammable gas to maintain burning after
ignition (Crowl & Louvar, 2011).

Lower Flammability Limit (LFL) is the lowest concentration of a flammable gas in
air below which ignition cannot take place (Moosemiller, 2014). Flammable limits
and explosive limits are the technical terms which can be used interchangeably (Nolan,
2014).

Explosion can be described as a sudden discharge of energy resulting in a blast (Baker
etal., 2010).

Blast is a temporary alteration in the density gas mixture, pressure and speed of air
flow at the surrounding of an explosion source (Baker et al., 2010).

Confined explosion occurs inside an enclosed volume such as tank, container or
structure. Confined explosion is the most destructive type of explosion causing injury

and demolition of buildings.

An unconfined explosion occurs in the open atmosphere. Unconfined explosions are
mostly caused by flammable chemical spillage. As a result of a spill, flammable vapors
disperse in the air and can form an explosive mixture with air until it is ignited by an
ignition source. Unconfined explosions are not common since explosive vapors are
diluted by wind below the LFL. On the other hand, unconfined explosion can also be
very damaging since a huge amount of flammable vapor is involved (Crowl & Louvar,
2011).

Deflagration is caused by an explosion where the propagation of the reaction front
occurs at a speed slower than the speed of sound in front of the pressure front (Vinnem,
2014).

Detonation is the dispersion of energy resulting from a very fast chemical reaction in
which reaction front moves outward from explosion source at higher than the speed
of sound (Woodward, 1998).



Shock wave is a sudden pressure wave causing strong wind. The combination of shock

wave and wind is known as blast wave. Shock wave has a very fast pressure rise which

is a mostly adiabatic process (Crowl & Louvar, 2011).

Overpressure is negative or positive pressure which is formed as a result of an

explosion (Nolan, 2014).
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Figure 2.2. Relationships Between Various Flammability Properties (Crowl & Louvar, 2011).

In figure 2.2, it can be seen the graph of concentration of flammable vapor versus

temperature and the relationship of the above definitions. The exponential curvature

signifies the saturation vapor pressure curve of the liquid substance. As usual, upper

flammable limit (UFL) becomes higher and lower flammable limit (LFL) becomes



lower with an increase in temperature. In theory, the intersection point of LFL and the
saturation vapor pressure curve of the liquid represents flash point however sometimes
empirical data does not validate this idea. The lowest temperature of the autoignition
curve gives the autoignition temperature. The flash point and flammability limits are
not the main characteristics of a liquid and can only be identified by special laboratory

equipment.

2.1.4. Explosions

There are lots of factors that determine the explosion process. The most important
factors that affect the explosion are given in the table below.

Table 2.1. Main Factors That Affect Explosion Process (Crowl & Louvar, 2011)

Ambient temperature

Ambient pressure

Composition of explosive material

Physical properties of explosive material

Nature of ignition source: type, energy and duration
Geometry of surrounding: confined or unconfined
Amount of combustible material

Turbulence of combustible material

Time before ignition

Rate at which combustible material is released

Explosion is a very complex process to estimate. Theoretical, experimental and semi-
empirical methodologies have been carried out for modelling explosions. However,

the explosion process cannot be completely figured out. Hence, engineers should take
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into consideration all probable outcomes carefully in order to guarantee safety in

designing.

Explosions are caused by a very fast release of energy. The discharge of energy must
be very quick to provide energy to accumulate at the blast source. After that, the
energy is dispersed by pressure wave, projectiles, thermal radiation, and acoustic

energy. The disposed energy causes the explosion damage.

If a gas explosion occurs, immediately gas starts to disperse very fast to the
environment causing a pressure wave that pushes nearby gases backward from the site
of the explosion. The energy contained in the pressure wave causes surroundings to
be damaged. For chemical explosions, the main factor that causes damage is the
pressure wave. Therefore, the dynamics of the pressure wave should be understood to

predict explosion damage.

The pressure wave dispersing outward from the explosion is also known as the blast
wave since a strong wind occurs after the explosion. A shock wave or shock front is
caused in case of sudden pressure change. Very explosive chemicals can cause a shock
wave to occur. The maximum pressure reached after an explosion is known as the

peak overpressure.

2.1.4.1. Detonation and Deflagration

According to Crowl & Louvar (2011), the damage of the explosion is mainly
dependent on whether the explosion is a result of detonation or deflagration. The
distinction relies upon whether the reaction front disperses above or below the speed
of sound in the ambient atmosphere. The speed of sound is 344 m/s regarding ideal

gases at 20 °C and it only varies with temperature.

In detonation, the reaction front is transferred by a very high-pressure wave that
pressurizes the ambient air in front of the reaction front above its autoignition

temperature. This sudden pressure change causes a shock front to occur in front of the
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reaction front. So, the front wave and the shock wave disperse at the speed of sound

into the surrounding atmosphere.

In deflagration, explosion energy disperses into ambient air by heat conduction and
molecular diffusion. Since these transfer processes are slower than the speed of sound,

the reaction front disperses slower than sonic speed.

In figure 2.3, the gas dynamics of detonation and deflagration in the open air are
compared. In detonation, the movement speed of the reaction front is greater than
sonic velocity. A shock front is present in front of the reaction front. For the shock
front to move at the speed of sound, the required energy is provided by the reaction
front. Both fronts move at the same velocity. In deflagration, movement speed of
reaction front is lower than sonic velocity while pressure front disperses at the speed
of sound and moves away from the reaction front. Therefore, it can be thought that the
deflagration reaction front produces a series of separate pressure fronts continuously.
Resulting pressure fronts added to each other and collected in the main pressure front.

The main pressure front grows continuously as additional energy is accumulated.
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Figure 2.3. Comparison of Physical Differences between Detonation and Deflagration

(Crowl & Louvar, 2011)

Detonation and deflagration produce pressure fronts which are obviously different
from each other. In detonation, a shock front is formed with sudden pressure change
of about 10 atm for a duration of 1 millisecond. In deflagration, a shock front is not
formed and the pressure front lasts for many milliseconds and has lower pressure

characteristically 1 or 2 atm.

Reaction fronts and pressure fronts can differ because of the enclosing environment
of the explosion source. Altered behaviors of fronts can be observed if the explosion

occurs in a confined volume like a vessel or a pipeline.
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According to Crowl & Louvar (2011), the transformation of a deflagration to
detonation can be observed in some cases. This transformation is known as
deflagration to detonation transition (DDT). DDT can occur in pipelines however, it
is not likely to occur in vessels and open air. In pipelines, deflagration energy provides
additional pressure to the main pressure wave causing pressure increase which can

result in detonation.

2.1.4.2. Blast Damage Resulting from Overpressure

After the explosion of a gas, whether detonation or deflagration, the reaction front is
occurred dispersing from explosion source and it is followed by a shock wave or
pressure wave. After the combustion reaction is complete, the reaction front
disappears but the pressure front carries on to its movement. A blast wave consists of

a pressure front and resulting wind. Most of the damage is caused by the blast wave.

Figure 2.4 provides an understanding of chance in blast pressure over time for a
characteristic shock wave at a certain point away from the explosion source. In figure
2.4, to represents time of explosion, t: signifies the arrival time of blast pressure to
damaged location from explosion source. At ti;, shock front causes maximum
overpressure to occur and followed by subsequent wind at a fixed location. The blast
pressure reduces rapidly to the ambient pressure at t2 but the wind continues to move
forward for a period of time. The time interval between t; and t2 is known as shock
duration. The shock duration has the most destructive effect on surrounding structures
during an explosion thus, it is important to know its value to assess the damage. Since
the pressure continues to decrease below the ambient pressure, at ts, the maximum
underpressure is reached. For the time period between t> and ts, the explosion wind
moves in the opposite direction towards the explosion source. There can be some
damage caused by underpressure, however, the damage is limited compared to
overpressure damage. From t3 to ts, the pressure increases and reaches ambient

pressure at ts. At t4, the explosion wind and destruction effect is over.
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Figure 2.4. Blast Pressure Change at a Certain Point versus Time (Crowl & Louvar, 2011).

The blast damage can be determined by peak overpressure that is caused by the
pressure wave of the explosion. Generally, the blast damage depends on the pressure
increase rate and time period of the blast wave. Accurate estimation of blast damage

can be estimated by just using the peak overpressure (Crowl & Louvar, 2011).

2.1.4.3. Vapor Cloud Explosions

According to Crowl & Louvar (2011), vapor cloud explosions (VCES) causes the most

damaging effect in chemical operations. VCEs has three occurrence steps:

1. Immediate discharge of huge amount of flammable vapor (such as vessel brust)
2. Dispersal of flammable vapors through the operation area

3. Ignition of flammable vapors
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The occurrence rate of VCEs is increasing in process plants since the number of
flammable chemicals is also increasing and operations are conducted in harder
conditions. It is very hard to classify an event as a VCEs since there are lots of
parameters that are needed to describe an event. VCEs happen under uncontrolled

conditions and real incident data are not reliable for comparison.

The most important factors that affect VCE are amount of flammable vapor discharge,
concentration of flammable vapor in the air, ignition probability of flammable gas
vapor, dispersion distance of vapor cloud, duration before ignition of flammable gas,
possibility of explosion, presence of threshold amount of gas, effectiveness of

explosion and position of the ignition source.

Crowl & Louvar (2011) says that ignition possibility of flammable vapor cloud
increases if the volume of cloud increases, VCEs are much unlikely to happen
compared to vapor cloud fires, effectiveness of explosion is low (around 2% of the
combustion energy is transformed to blast wave), the effects of explosion increases
with the effective flammable gas and air mixture and ignition of vapor cloud at a far

distance from the source.

Regarding safety, the most effective way of explosion prevention is to avoid
flammable material discharge. It is very hard to control a huge volume of vapor cloud

to be ignited even all safety measures are in place.

The ways of VCEs prevention are reducing amount and number of flammable
materials, process control providing that probability of vapor cloud ignition is at
minimum, detection systems for chemical leakage, installation of automatic blockage

valves for shutting the system down to prevent leakage.
2.2. Source of Ignition

Ignition can be described as immediate change to a self-sustained, high-temperature

oxidation reaction. According to Moosemiller (2014), International Organization for
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Standardization (ISO) describes ignition as the beginning of combustion while the
National Fire Protection Agency (NFPA) describes ignition as an oxidation process
which occurs at a quick rate for forming heat and typically in the form of a glow or a

flame.

Chemical vapor ignition can be started by different means like contact with open
flame, electric spark, or a hot surface (Baker et al., 2010). In some cases, ignition can
also be initiated by auto-ignition and forced ignition. Additionally, average
temperature sources, electrical sources like powered equipment, electrostatic
accumulation, lightning and chemical sources can cause immediate ignition
(Moosemiller, 2014). Other important sources of ignition are some motorized
vehicles, mechanical sparks arising from the friction between moving parts of
machinery (Baker et al., 2010). In the British Standard of Explosive Atmospheres —
Explosion prevention and protection — Part 1 Basic concepts and methodology (BS
EN 1127-1:2007) ignition sources are grouped as hot surfaces, flames and hot gases,
mechanical sparks, electrical equipment, electric current, static electricity, lightning,
high frequency electromagnetic waves, radio frequency electromagnetic waves,
ionizing radiation, ultrasonics, adiabatic compression and exothermic reactions (BSI,
2008).

For each situation, there is the lowest contact time and the lowest energy transfer
required to develop self-combusting volume (Baker et al., 2010). It is quite important
to compare the ignition capacity of the ignition source regarding flammability
characteristics of the combustible material such as MIE and ignition temperature (BSI,
2008). Minimum energy required for electrical spark to initiate the ignition of
flammable chemical vapor under certain conditions is described as Minimum Ignition
Energy (MIE) (Baker et al., 2010). Ignition temperature of an explosive atmosphere
is the lowest required temperature for the ignition of air-gas mixture depending on
pressure and type of ignition source (Hattwig & Steen, 2004).
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2.2.1. Mechanical Ignition

Combustible vapors can be ignited by sparks resulting from rotating cutting
machinery, friction in equipment or by impact and falling of sparking objects
(Moosemiller, 2014). Friction and impact of materials cause hot spots on the surface
which behaves as an ignition source. According to the formation process of the sparks,
the surface temperature of the particles can rise to 2000 °C (Roth et al., 2014). The
increase of the temperature is in correlation with kinetic energy which can cause
ignition (Mannan, 2014). Mechanical sparks cause temperature increase by
conduction and heat radiation while flying through combustible vapor clouds. Since
spark particles have a high surface volume ratio, the energy transfer is very fast for
the ignition of flammable mixtures which have a self-ignition temperature under 1000
°C (Roth et al., 2014). Beside temperature rise as a result of friction, materials with
increased temperature such as aluminum, magnesium or titanium, can start a chemical
reaction with ambient oxygen causing energy release and further temperature rise
(Groh, 2004).

2.2.2. Electrical Ignition

One of the most significant ignition source is electrical ignition sources in explosion
protection. Electrical ignition can be caused by short circuits or by shorting to earth in
deformed electrical machinery (Hattwig & Steen, 2004). Additionally, switches,
brushes and alike electrical equipment can generate electric sparks and arcs during the
daily process (BP, 2006).

Simply, electrical ignition can be seen as electrical discharges in numerous kinds in
the explosive atmosphere. According to the type of electrical discharge, the capability

to ignite an explosive atmosphere changes (Hattwig & Steen, 2004).
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2.2.3. Open Flame

Open flames can be considered as highly efficient ignition source because of their high
temperature (Woodward, 1998). Existing flames from some equipment in the plant
such as fired heaters can cause combustible vapors to ignite (Moosemiller, 2014).
Elimination of such flames is not possible hence, necessary precautions should be
taken in place (Mannan, 2014). In order to ignite flammable gas-air mixture, higher
temperature than the flash point is required. Table 2.2 shows flash points of some

flammable chemical vapors are shown (Groh, 2004).
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Table 2.2. Flash Points of Flammable Chemical Vapors

Substance Chemical formula C FP o
Acetaldehyde CH3CHO -38...-27 -36...-17
Acetic acid CHsCOOH +40 +104
Acetone CH3COCHs3 -20 -4
Benzene CeHs -11 +12
Benzene chloride CeHsCl +28... + 30 +82...+86
Carbon disulphide CS2 -30 -22
Castor oil - +229 +444
Ethanol C2HsOH +11..+13 +52...455
Formic acid HCOOH +42 +108
Lanoline - +240 +464
Methanol CH3OH +11 +52
Naphthalene CioHs +80 + 176
Nitrobenzene CeHsNO2 +88 +190
Nitrotoluene CH3CeHsNO> + 106 +223
Olive oil - +225 +437
Phenol CeHsOH +82 + 180
Phthalic acid CsHs(COOH). + 168 +334
Phthalic anhydride CesH4(C0)20 +152 +306
Propyl alcohol CsH/OH + 15 +59
Sulphur S +207 +405
Toluene CeHsCH3 +6 +43
Vinyl chloride CHCHCI -43 -45
Crude oil products
Benzine - +21 +70
Petrol - <+81 <+178
Kerosene - <-20...+60 <-4...+140
Diesel fuel - >+55 >+131
Fuel oil (light) - >+55 >+131
Fuel oil - >+65 >+149
Motor oil - >+ 185 >+365
Transformer oil - >+ 145 >+293
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2.2.4. Hot Surfaces

Exposure of flammable vapors to hot surfaces can cause ignition (Nolan, 2014). Hot
surfaces can occur in routine processes such as heating, dryers or electrical equipment
in the plants. Any malfunction of equipment can cause a flammable gas-air
atmosphere to ignite (Hattwig & Steen, 2004). Hot surfaces required to be isolated,
cooled or repositioned in order to prevent the ignition of flammable vapors when there

Is a possibility of spillage or leakage (Nolan, 2014).

Since there is a steady dispersion of flammable gas vapor close to hot surfaces in the
open air because of the wind, the contact time of flammable gas to the hot surface is
very short. As a result of the short contact time, the required surface temperature to
start ignition is relatively high compared to AITs. Table 2.3 shows the minimum
surface temperature for ignition of kerosene in open air according to different wind
velocities (API, 2003).

Table 2.3. Effect of Wind Velocity in AlTs Using Kerosene (AP, 2003)

Wind Velocity Over the Surface Temperature

Hot Surface Required for Ignition
meters/sec. °C

0.3 405

15 660

3.0 775

2.2.5. Static Electricity

In some cases, the ignition of a flammable mixture can occur in the absence of energy
addition or operation failure such as electrostatic charging. Generally, static electricity
is thought to be the reason for explosions in which any ignition cause was observed
since electrostatic discharge leaves no evidence (Hattwig & Steen, 2004). Electrostatic

ignition should be analyzed to understand how the charging process can take place
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and to find out the location of the accumulation of static electricity (Littgens et al.,
2017).

Electrostatic charge can ignite combustible vapors as a result of the same sequence of
physical processes shown in Figure 2.5.

C charge separation )
' ™

charge accumulation charge accumulation
at plant parts at products

charge dissipation
to earth
\ Y
Cdischarge from plant parts ) C discharge from product )

Figure 2.5. Ignition Process of Flammable Vapors by Electrostatic Electricity (Hattwig & Steen,
2004)

Even if the ignition process looks simple, it is very hard to define each step on the
field since many different operations are conducted at the same time. Therefore,
electrostatic charge accumulation is correspondent to the overall rate of charge

separation and discharge.

In industrial plants, movement of conveyor belts, vehicle transportation and walk of

workers on the insulating ground can cause electrostatic charge accumulation. It is
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vital to notice that after the contact process, all surfaces which are in contact with each

other are charged.

If the electrical field generated by charge accumulation reaches a higher value than
the dielectric field strength which is 3 MV/m, electrostatic energy can be discharged.
High energy discharge can cause the ignition of a flammable vapor-air mixture.
Ignition of the explosive atmosphere is dependent on the amount of energy release and
flammability of the chemical vapors that is correspondent to the MIE. In Figure 2.6,
the physical parameters that affect the ignition process of flammable vapors by
electrostatic electricity are shown. Electrical resistance of production equipment,
products, materials and electrical connection to the ground are important parameters
which have an influence on charge accumulation and discharge occurrence (Hattwig
& Steen, 2004).
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Figure 2.6. The Physical Parameters Affecting the Ignition Process of Flammable Vapors by
Electrostatic Electricity (Hattwig & Steen, 2004)

2.3. JP-8 and Kerosene

Unrefined form of petroleum has a very limited range of direct use in industrial areas.
Oil gains value after being transformed into commercial products in the refineries
(Speight & EI-Gendy, 2018). Liquid petroleum products can vary from highly volatile
naphtha to lubricant oils which have very low volatility (Speight, 2014). Generally,
physical characteristics are used to categorize liquid petroleum products (Speight &
El-Gendy, 2018).
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Kerosene (kerosine can also be used) is one of the liquid, colorless and flammable
petroleum product with specific odor. It is commonly used for burning lamps, heating
houses, fueling jet engines, solvent for greases and insecticides. In general, the term
kerosene is wrongly used for describing fuel oils however fuel oil can be any type of
liquid petroleum by-product which is used to obtain heat or power when burned
(Speight & EI-Gendy, 2018).

Table 2.4. Petroleum Products (Speight & EI-Gendy, 2018)

Lower Upper - Upper
Product Carbon Carbon Ilggs/;]/ter(oBCo)llmg Boiling Point
Limit Limit (°C)
Refinery gas Ci Cs -161 -1
Liquefied petroleum Cs Cs -42 -1
gas
Naphtha Cs Cur 36 302
Gasoline Cs Ci2 -1 216
Kerosene/diesel fuel Cs Cis 126 258
Aviation turbine fuel Cs Cis 126 287
Fuel oil Cow >Ca0 216 421
Lubricating oil >Cao >343
Wax Cur >Ca0 302 >343
Asphalt >Ca0 >343
Coke >Cso >1000

Kerosene is a chemical mixture of hydrocarbons. Constituents of kerosene vary
according to their source. Mostly, kerosene contains various hydrocarbons with 10 to
16 carbon atoms (Speight, 2011). Table 2.4. shows carbon numbers of various
petroleum products. Ghassemi et al. (2006) say that kerosene has very similar general
properties to dodecane, C1oHoe. Table 2.5. demonstrates average formula of petroleum
products. According to Chickos and Hanshaw (2004), enthalpy of vaporization of
dodecane is 65.1 kJ/mol. Dodecane has a boiling temperature of 216 °C (Safety Data
Sheet (SDS) — Thermo Fisher Scientific, 2018). Kerosene is more volatile than diesel
oil but not more volatile than gasoline. Kerosene can be distilled between 150-300 °C.
Flash point of kerosene is around 25 °C (Speight & EI-Gendy, 2018).
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Table 2.5. Assumed Average Formula of Petroleum Fuels (Totten et al., 2003)

Fuel Assumed Average Formula
Aviation gasoline C73His3
Auviation kerosene Ci25H24.4
Gas oil CisHa73

Kerosene is mainly used as jet fuel in aviation. Some particular characteristics are
needed to be used as aviation fuel such as high flash point for safe handling, low
freezing point for cold weather usage and no mixing with water. Table 2.6 shows the

heat of vaporization values for several oil products (Speight, 2017).

Table 2.6. Heat of Vaporization of Oil Products (Speight, 2017)

Product Gravity, °API  Average boiling Heat of vaporization

P F b Buigal”
Gasoline 60 280 116 715
Naphtha 50 340 103 670
Kerosene 40 440 86 595
Fuel oil 30 580 67 490

*Btu/Ib x 2.328 = kJ/kg; Btu/gal x 279 = kI/M?3
Jet fuel is light petroleum distillate and has different types for usage in jet engines.
Commonly used jet fuels for military purposes are JP-4, JP-5, JP-6, JP-7 and JP-8. JP-
8 is kerosene modeled fuel which is also used in civil aviation (Speight & EI-Gendy,
2018). According to the U.S. Department of Defense (2015), JP-8 is a kerosene-type
engine fuel which contains several additives such as fuel system corrosion and icing

inhibitors.

Mainly, straight alkanes, branched alkanes and cycloalkanes are present in aviation
fuels. A maximum of 20%-25% of fuel consist of aromatic hydrocarbons since they
cause smoke after combustion. 5% of total fuel is limited to alkenes for JP-4.

Approximately, the percentage of ingredients of aviation fuel are 32% of straight-
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chain alkanes, 31% of branched alkanes, 16% of cycloalkanes and 21% of aromatic
hydrocarbons (Speight & EI-Gendy, 2018).

Table 2.7. Properties of Hydrocarbon Products from Petroleum (Speight, 2011)

Molecular Specific Boiling Ignition Flash point Flammability
weight gravity point °F temperature  °F limits in air
°F % viv
Benzene 78.1 0.879 176.2 1040 12 1.35-6.65
n-Butane 58.1 0.601 31.1 761 -76 1.86-8.41
iso-Butane  58.1 10.9 864 -117 1.80-8.44
n-Butene 56.1 0595 212 829 Gas 1.98-9.65
iso-Butene  56.1 19.6 869 Gas 1.8-9.0
Diesel fuel ~ 170-198  0.875 100-130
Ethane 30.1 0.572 -127.5 959 Gas 3.0-12.5
Ethylene 28.0 -154.7 914 Gas 2.8-28.6
Fuel oil No. 0.875  304-574 410 100-162 0.7-5.0
1
Fuel oil No.
2 0.920 494 126-204
Fuel oil No.  198.0 0.959 505 142-240
4
Fuel oil No. 0.960 156-336
5
Fuel oil No. 0.960 150
6
Gasoline 113.0 0.720 100-400 536 -45 1.4-7.6
n-Hexane 86.2 0.659 155.7 437 -7 1.25-7.0
n-Heptane 100.2 0.668  419.0 419 25 1.00-6.00
Kerosene 154.0 0.800 304-574 410 100-162 0.7-5.0
Methane 16.0 0.553 -258.7  900-1170 Gas 5.0-15.0
Naphthalene 128.2 4244 959 174 0.90-5.90
Neohexane gg.2 0.649 1215 797 -54 1.19-7.58
Neopentane 72.1 49.1 841 Gas 1.38-7.11
n-Octane 114.2 0.707 258.3 428 56 0.95-3.2
n-Pentane 72.1 0.626 97.0 500 -40 1.40-7.80
iso-Pentane  72.1 0.621 822 788 -60 1.31-9.16
n-Pentene 70.1 0.641 86.0 569 - 1.65-7.70
Propane 44.1 -43.8 842 Gas 2.1-10.1
Propylene 42.1 -53.9 856 Gas 2.00-11.1
Toluene 921 0.867  321.1 992 40 1.27-6.75
Xylene 106.2 0.861 281.1 867 63 1.00-6.00
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The most important characteristics for kerosene are flash point, fire point and boiling
range. The flash point of kerosene is generally set above the average ambient
temperature. The fire point is essential for determining fire prevention means. The
distillation range is not a significant property however it can be seen as an indicator
of viscosity. Additionally, pureness of the kerosene can be understood by the steady
burning of the product over a time interval (Speight, 2011). Table 2.7. shows several

properties of hydrocarbon products.

ACGIH (2015) states that kerosene/jet fuels, as total hydrocarbon vapor, have TLV-
TWA of 200 mg/m®. Additionally, exposures above the TLV-TWA value should not
be allowed for more than 15 minutes. Kerosene has TLV —TWA of 30 ppm and an
odor threshold of 0.1 ppm. Additionally, kerosene has a lower explosion limit (LEL)
of 0.7% and an upper explosion limit (UEL) of 5% by volume. (Material Safety Data
Sheet (MSDS) — John Duffy Energy Services, 2006)

According to the U.S. Department of Defense (2015), kerosene-type aviation turbine
fuel, JP-8 should comply with the requirements given in the military standard MIL-
DTL-83133J. Table 2.8 shows some requirements of MIL-DTL-83133J.

Table 2.8. Chemical and Physical Requirement (U.S. Department of Defense, 2015)

Property Min Max
VOLATILITY

Distillation temperature, °C

Initial boiling point

10 percent recovered 205
20 percent recovered

50 percent recovered

90 percent recovered

Final boiling point 300
Residue, vol percent 1.5
Loss, vol percent 1.5
Flash point, °C 38

Density

Density, kg/L at 15 °C or 0.775 0.840
Gravity, APl at 60 °F 37.0 51.0
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2.4. Fuel Servicing of Aircraft

Aircraft fuel servicing is the process of transfer of fuel to or from a fuel supply to or
from an aircraft together with fueling connection and disconnection operation. Fueling
operation supervisor must confirm that all fuel servicing operators are capable of
conducting fueling operation safely by following technical orders under their
supervision (USAF, 2013).

2.4.1. Electrostatic Hazards in Fuel Servicing and Static Grounding and Bonding

Aircraft fuel does not burn in liquid form but it burns in the gaseous state. Volatility
is the ability of a liquid to transform into gaseous form and fuel can vaporize at low
temperatures. Therefore, gaseous or vapor form of fuel has fire and explosion hazards
during fuel servicing of aircraft (FAA, 2008).

Static electricity can be described as a buildup of electric charge on the uppermost
layer of material (Wang, 2019). Static electricity can be formed by friction of two
materials. Fuel flow inside a fueling pipeline generates electrostatic charging.
Additionally, the structural frame of the aircraft accumulates static electricity due to
friction in the air during the flight. Static electricity should be discharged before
fueling operation otherwise, it reaches to ground through fueling pipeline and it can

cause the ignition of fuel vapors.

There is always a hazard of fire and explosion due to electrostatic charges in fuel
servicing of aircraft. The most effectual way of preventing electrostatic hazards is
grounding or bonding. Grounding is the connection of metallic materials to ground.
Bonding is the connection of two or more metallic materials to each other by a

conductor to equalize electrostatic potential (FAA, 2008).

While filling the fuel tank, the electrical potential of fuel flow can increase up to
thousands of volts. A spark discharged from pipelines, fittings or any other object can
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ignite fuel vapor-air mixture. Any contaminant object in the fuel tank will accumulate
the electrostatic charge and act as an electrical condenser. The potential needed for
discharging from contaminant to fuel is much less than the amount necessary for
discharge from fuel to tank. As a result, contamination of fuel dramatically increases
the electrostatic hazards. If the fuel flow is kept under the allowable fueling rates,
electrostatic charging does not occur (USAF, 2013). Table 2.9. shows maximum

allowable fueling rates during fueling operation of aircrafts.

Table 2.9. Maximum Allowable Fueling Rates (USAF, 2013)

Nozzle / Hose /

; . Gallons /
Plpg Diameter Minutes
(inches)

0.75 32
1.50 125
2.00 225
2.50 352
3.00 470
4.00 627
5.00 783
6.00 940

2.4.2. Fueling Procedures

Two main procedures are applied during the fueling operation of aircraft. In small
aircraft, fueling is conducted by over-the wing technique. In large aircraft, fueling is
provided by single point technique. All fuel tanks of aircraft are filled from single
point refuel (SPR) receptacle at the bottom of the wing. So that, time required for
fueling aircraft is minimized, contamination of fuel is prevented and the ignition of
fuel by static electricity is reduced. In general, fueling systems consist of fueling hose,

control panel and gauges (FAA, 2008).
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There are several precautions in order to prevent fire and explosion hazards during the
fueling operation. Firstly, all electrical devices and electronic systems, including
radar, must be closed down during fueling operation. Aircraft and fueling equipment
must be grounded. Proper type of fire extinguishers must be available. Fueling
operators are not allowed to carry any kind of equipment that can produce flame. The
operator must wear antistatic safety shoes, clothes and eye protection (FAA, 2008).
Operators shall carry a dead man control unit in order to stop fuel flow in case of
emergency. Service operator shall report any type of probable hazard such as fuel
leakage, spillage or spray, fault bonding/grounding of receptacles, visible spark from

any source to the supervisor immediately.

Housekeeping of the work area is an important issue in aviation. Clean and tidy
workplace is necessary for safe and effective operations in fueling stations, aircraft
parking areas and servicing aprons. Safe fuel servicing can be provided by the

prevention of fuel spills and removing ignition sources from fuel servicing stations.

Fuel servicing safety zone (FSSZ) must be established and retained during fueling
operations. FSSZ covers 50 feet radius area centering fuel servicing components such
as SPR, and 25 feet around fuel vent outlets. Figure 2.7 shows an example of a fuel
servicing safety zone (FSSZ). Another aircraft next to FSSZ can keep its engine
running as long as its thrust is not directed toward FSSZ (USAF, 2013). Throughout
the fuel servicing of aircraft, all possible ignition sources such as ground servicing
equipment are eliminated and kept away from FSSZ. Servicing equipment must be
positioned so a clear path is maintained to allow fast evacuation of vehicles and staff
in an emergency (USAF, 2018).
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Figure 2.7. Fuel Servicing Safety Zone (FSSZ)

In the case of mobile fueling tank usage, the fuel tank must be parked in the direction
of escape in an emergency. Hand break of the fuel truck must be set and wheels must
be chocked. Aircraft must be grounded and then fuel truck must be grounded. Then,
aircraft and fuel truck must be bonded by wire. Nozzle must be also grounded to the
aircraft (FAA, 2008).

2.4.3. Fire Protection

Fire protection is crucial in fuel servicing of aircraft. Supervisors must establish and
maintain a fire safety training program. All staff must be trained to understand their

responsibilities and roles for the fire prevention program in the flight line. At the end

32



of every shift, field inspection should be carried out to ensure that there is no fire risk
in the flight line (USAF, 2018). Supervisor should give briefing on emergency action
plan to servicing operators before fueling service. The fire department must be notified
before the fuel servicing operation (USAF, 2016). In case of fire or fuel leakage, fuel
servicing operators are the first team of defense. Servicing operators must alert the fire
department immediately and use available firefighting equipment until the fire

department reaches to the area.

Fueling operation supervisor should ensure the proper type of fire extinguisher for fire
class is available in the fuel servicing area. Fueling area fire extinguisher should be
kept in a vertical position in order to increase firefighting effectiveness. Putting down
fire extinguisher causes it to be unavailable to discharge all of its agents. The fire
extinguishers should be used only for the initial knockdown of fire.

During the fueling operation in hangars, two fire extinguishers must be available
within 100 feet of the hangar. The wheeled 150-pound Halon 1211 or Novec 1230
must be used as fire extinguishers in the hangars. Fire extinguishers must be replaced
outside of 25 feet radius safety zone of the aircraft fuel vent outlet during fuel servicing
of aircraft (USAF, 2013).

Supervisors must be sure of all fire extinguishers are inspected on a monthly basis and
inspection records are documented. Extinguishers with nonconformity must be taken
out of service and they must be replaced immediately. Fire extinguishers must be in
designated points in the flight line. There must be no obstacles for access and visibility
to fire extinguishers. The safe seal of fire extinguisher must be in place and not be
deformed. The pressure gauge must be in the operable range. All staff must have
knowledge about the fire alarm system, reporting an emergency and activation of the
alarm system (USAF, 2018).

Warning signs must be hanged in visible places in the fueling area. Smoking and its
materials are forbidden within the fuel servicing area and 6 m radius area around
fueling systems (NFPA, 2003a).
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Water suppression systems are not effective for fuel spillages. Water causes
surrounding materials to become cooler however it also causes to spread of pool fire.
In the case of a large amount of fuel spills, the drainage system is useful for mitigating
the spread of burning fuels. The sprinkler system can be considered to be installed
inside the drain system (NFPA, 2003b).

2.5. Modeling JP-8 Evaporation

Evaporation modeling is the most important subject for JP-8 spillage. All JP-8 spills
include the evaporation process. However, the researches which have been carried out
so far are insufficient to understand important concepts of oil spillage evaporation
modelling (Fingas, 2013). It is very important to understand the evaporation process
of oil to make an accurate prediction of evaporation rates of oil products in the case
of oil spills (Fingas, 1995). The evaporation process can be described as the
transformation of molecules from the liquid phase to the vapor phase under the boiling
temperature of a substance. The Kkinetic energy of a liquid molecule is enough for
moving away from the liquid surface to the vapor phase (Schaschke, 2014). In other
words, the evaporation process can be described as liquid molecule movement from
the liquid surface to the vapor phase. The air layer on the liquid surface is described
as air boundary layer which has a thickness of less than 1 mm (Fingas, 2013). In
general, the boundary layer can be described as a layer in a liquid where transfer
activity is affected by characteristics of the surface below (Monteith and Unsworth,
2013). The most important concern about the air boundary layer is that it can affect
the evaporation process. For the water evaporation process, the air boundary layer has
an influence on the evaporation rate (Fingas, 2013). According to Fingas (2001), the
oil evaporation rate is mainly dependent on the chemical composition of the oil
compound. On the other hand, Haghighi et al. (2013) state that besides interior
limitations, the air boundary layer has a restriction on the evaporation ratio of liquid

substances. Some amount of water vapor can be held by air which is described as
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relative humidity. If there is no wind and the air layer doesn’t have movement, the
water evaporation rate decreases since the air layer above the water is saturated. As a
result, it can be said that the mechanism of water evaporation is regulated by the air
boundary layer. Then, in the presence of wind, the evaporation rate of water is
expected to increase (Fingas, 2013). On the other hand, most of the liquids which have
air boundary layer evaporation regulation, evaporate very slowly to saturate the air

boundary layer on the top of the surface (Fingas, 2011b).

On the contrary, the evaporation mechanism of some liquids are not regulated by air-
boundary-layer since the evaporation rate is very slow for saturation of the air layer
above the liquid. According to Fingas (2013), there are some liquids which have an
evaporation mechanism regulated by molecular diffusion. Oil and fuels have diffusion
regulated evaporation process since they consist of many different liquid compounds.
As a result, the evaporation process of oils is not significantly influenced by increased
spill area and wind velocity. The evaporation rate of water is linear with time since it
Is a single compound. On the other hand, oil products do not have a linear evaporation
rate with respect to time (Fingas, 1997).

2.5.1. Historical Development of Oil Evaporation Modeling

According to Fingas (2011a), for liquids with air-boundary-layer evaporation model

can be written as:
E~KCT,S (1)

In equation (1), E represents evaporation rate in mass/unit area, K represents mass
transfer rate of evaporated fluid, C represents the concentration (mass/volume) of
evaporated fluid, Ty is relative intensity factor of turbulence and S is the saturation
factor (Fingas, 2013). As air above the liquid becomes more saturated evaporation rate

of the liquid decreases (Fingas, 1998).
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According to Fingas (1999), Sutton was one of the pioneers of the oil evaporation

study. Fingas (2013) says that Sutton formed a model according to experimental data:
E=KCcU"°d, Y°sc )

In equation (2), C represents the concentration of the evaporated liquid as mass per
volume, U represents the velocity of wind, da is the pool area, Sc represents Schmidt
number and r represents the experimental value between 0 and 2/3. The parameters in
equation (2) are very similar to ones in equation (1). In equation (2), turbulence is
described as multiplication of wind velocity, U, and Schmidt number, Sc (Fingas,
2013). Schmidt number can be found by theoretical study and empirical methodology
(Yuan et al., 2017). Fingas (2013) states that the evaporation rate for oil was
theoretically formulated for the first time by Blokker. Blokker assumed oil as a single
component fluid. Distillation values and boiling points of all different liquid
components in oil are provided to make an assumption on average vapor pressure. The
Clausius-Clapeyron equation was used to calculate overall vapor pressure of oil
components in the form as:

log e = Avapf’M (2-2) 3)

P 457 \T Tg

In equation (3), P represents vapor pressure at T which is absolute pressure, Ps (760
mm Hg) represents vapor pressure at boiling point, Ts, A,q,H° is the heat of

evaporation as cal/g and M is the molecular weight.

According to Fingas (2013), A,,, H°M/(4.57 Ts) was considered as a constant value

for hydrocarbons. Hence, the equation became as:
log /P = 5.0[(T; — T)/T] (4)

The pressure curve was obtained by using equation (4) and experimental data. In this
calculation, Raoult’s law was assumed to be valid providing that A,,,H°M is a

function of evaporation percentage. Overall evaporation time was found by

application of Pasquill’s equation as:
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In equation (5), t represents total evaporation time in hours, Ah signifies a drop in
thickness of layer in meters, D symbolizes oil spill diameter, S represents a
meteorological coefficient (valued as 0.11), K., signifies atmospheric stability
coefficient value given as 1.2x108, a symbolizes a meteorological coefficient (valued
as 0.78), P symbolizes the vapor pressure at absolute temperature (T) and M represents
the molecular weight of the liquid. According to Fingas (2013), the results of equation
(5) were not in correlation with data collected from the experiment conducted in a

wind tunnel.

According to Jenkins (2008), The Clausius—Clapeyron equation can be expressed as:

Pr) _ _ (BeapH’\[1 _ 1
n(3) = - (=) - 2 ©
If the exponential of the equation (6) is taken, then the equation yields a different form

of the Clausius-Clapeyron equation such as (Jenkins, 2008):

() = e {-(=2) -2} )
Fingas (2013) states that Mackay and Matsugu worked on oil evaporation modelling
by combining the water evaporation model and empirical data. The model used for
water evaporation was modified for oils by using the evaporation data of cumene. To
formalize oil evaporation rate, evaporation rate of water and cumene were correlated
as a wind velocity and pool areas function given the equation (Mackay & Matsugu,
1973):

K=c U0'78X_0'11 (8)

In order to obtain a constant value for equation coefficient ¢, Mackay and Matsugu
observed evaporation of cumene for more than two days. Schmidt number is taken as
2.70 for cumene evaporation. It is important to notice that the dimension of ¢ changes

caccording to units used for mass transfer constant, K, wind velocity, U and pool
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diameter, X which are m/h, m/h and m respectively. In the case of evaporation
modelling different than cumene, a value of 0.0292 Sc% can be used. Therefore, the
equation (8) yields to (Mackay & Matsugu, 1973):

K =0.0292 y°®78x~0115,~067 )

According to Fingas (2013), Mackay and Matsugu say oil evaporation has complexity
since there is a diffusion resistance of oil molecules. Empirical data on the oil
evaporation rate was not in correlation with the results of calculated data which means
diffusion resistance occurs. As a result, mass transfer constant is needed to model oil
evaporation in spillages. The amount of evaporation of an oil spill in an environment
can be determined by mass transfer constant (Goodwin et al., 1973). In order to test
mass transfer constant methodology, Butler studied on an evaporation equation with
mass transfer data available for specific conditions. In Butler’s model evaporation is

proportional to vapor pressure, P as shown :
dx/dt = —kP(x/x,) (10)

In equation (10), x represents the amount of specific oil product at time t, Xo
symbolizes the amount of specific oil product at time t equals zero, k signifies
experimental rate constant and P represents the vapor pressure of specific oil product
(Fingas, 2013).

Butler also thought that P cannot represent the overall vapor pressure of the spillage
since oil consists of various components. Also, there would not be big changes in
activity constant during weathering. Accordingly, activity constants were included in
the experimental rate constant k. For various oil products, P and k were considered as
independent of the amount, x. As a result, the equation was derived to yield amount

remaining after evaporation as:
x/x, = exp(—ktP/x,) (12)

After that, the regression line was used to predict model for vapor pressure of a single

oil product:
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P = exp(10.94 — 1.06 N) (12)

In equation (12), P is the vapor pressure in Torr and N is the carbon number of oil

product. Then, equations (11) and (12) were combined given the formula:
x/x, = exp[—(k t/xy) exp(10.94 — 1.06 N)] (13)

According to the equation (13), the weathered oil amount is formulated as a function
of carbon number of oil product, N. If oil components are distributed uniformly, the
equation (13) can estimate carbon number as a function of time where the known

amount evaporated (x = 0.5 Xo):

The model was applied to some oil spills whose time of occurrence is known and the
results were compared. The age prediction of the oil spill made by the equation was
accurate. According to Fingas (2013), the equation was valid for water spillages also,

but it was never preferred in modelling.

According to Fingas (2013), Mackay and Matsugu diffusion model is used by Yang

and Wang to develop an evaporation model. Molecular diffusion is described as:

_ km(Pi_Pioo)
K = ST (15)

In equation (15), K represents mass transfer rate, k,,, symbolizes a constant which
involves all factors related to K, P; signifies vapor pressure of oil compound, I, on the
boundary, P;., signifies the vapor pressure of oil compound, I, at infinite altitude of
the atmosphere, R represents molar gas constant and T, absolute temperature of the

oil layer on water. Yang and Wang (1977) also suggest the equation below:
K =aAYe (16)

In equation (16), A is the area of oil layer on water, U is the wind velocity and a, g
and y are experimental constants. Fingas (2013) says that research results indicated

that, in the process of oil evaporation a surface film is formed on the oil layer, and it
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caused an evaporation process to slow down. Before the film has formed on the oil
layer (ot/0o < 1.0078):

Kmb =69 A—0.00SS eOA-ZU (17)

In equation (17), K,,,;, represents the constant which includes all factors concerning oil

evaporation before the surface film. After the film has formed (ot/go > 1.0078):
Kimg = 1/5 kyyp, (18)

For equation (18), oo represents initial oil density, ot symbolizes oil density at time t
and K,,, is the coefficient which includes all factors concerning oil evaporation after
the surface film. According to Fingas (2013), research results showed that the film

formed on the surface of the oil causes five times lower evaporation rate.

According to Drivas (1982), the model defined by Mackay and Matsugu has good
accuracy to predict oil evaporation compared to the empirical data available in the
literature. Reijnhart and Rose (1982) studied an equation to predict oil evaporation at

sea level. Reijnhart and Rose model was as:
E = al CO (19)

In equation (19), E symbolizes evaporation rate of oil compound, a; represents
coefficient which is the combination of wind speed and all factor in m/s and c,
signifies the equilibrium concentration of vapor at the top layer of the oil (Reijnhart
and Rose, 1982). According to Fingas (2013), research was conducted to compare test
data and evaporation rates on the sea level. However, there is not a specific

methodology to estimate equilibrium concentration, C,.

According to Fingas (2013), Brighton redefined evaporation equation, and he studied

on water evaporation with a similar approach to Sutton as:

E=KC,U"°d, %S¢ (20)
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In equation (20), E represents evaporation rate per unit area, K symbolizes
experimental mass transfer coefficient, C, signifies evaporating liquid concentration,
d1 represents pool length and r symbolizes an experimental constant value between 0
and 2/3.

Brighton (1985) states that evaporating liquid concentration, C, can be determined by

the formula:

MP,
s = RT

(21)

In equation (21), M is the molecular weight of the substance, P, represents saturated

vapor pressure, T is temperature and R is the gas constant.

According to Fingas (2013), Brighton thought that the formula can also comply with
the fundamental dimensionless form including wind velocity, U, and roughness
length, Zo, which describes air-boundary-layer phenomena. In Brighton’s analysis
concentration is logarithmic above the surface which can be thought to be a more ideal
approach than the results previously obtained. Brighton (1985) used a power profile
for the estimation of turbulence, so the parameters above can be replaced into the

equation:

U=%n (22)

nz(mﬂ) (23)

Zo

In equation (22), u* represents friction velocity, z; signifies height above the surface,
zy symbolizes roughness length and n represents the power law dimensionless
parameter. When the equations (22) and (23) were substituted into the evaporation

model, the obtained equation was:

v(3)5=5E0)E) 24)
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In equation (24), z represents height above the surface, C symbolizes concentration of
evaporated oil product, X is the size of the pool, k signifies von Karman coefficient
obtained by K/u”z and Sc represents the Schmidt number which was assumed as 0.85.
The results of Brighton’s model were evaluated and it was decided that some
experimentation concluded with good results, however, data was not enough for

testing the theory and control of the operation environment was poor (Brighton, 1990).

Fingas (2013) says that Tkalin described an evaporation model for oil at sea level as:

KMP,;
Ei ES Tx (25)

In equation (25), E; represents evaporation rate of oil compound i or total evaporation
in kg/m?s, K symbolizes mass transfer constant in m/s, M signifies molecular weight,
Poi represents vapor pressure of the oil compound i and x signifies the amount of the

oil product i at time t. Experimental data was used to define parameters in the model:
P,; = 103e4 (26)

In equation (26), A was described as:
A= —(44+1ogT,)[1.803 {T,/T — 1} — 0.803 In(T,/T)]  (27)

In equation (27), Tv represents the boiling point of the oil product. Mass transfer

constant was described as:
K=125U01073 (28)

According to Fingas (2013), Tkalin model for oil evaporation was confirmed by

experimental results obtained from the literature.

Stiver and Mackay (1984) formulated an evaporation model, which is modified from
Mackay and Matsugu’s equation, is one of the most commonly used approach in oil
spills. In the model, it was assumed that an oil is spilled and the evaporation rate was

defined as:

E = KAP/(RT) (29)
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In equation (29), E represents the evaporative molar flux in mol/s, K symbolizes mass
transfer constant under the wind effect in ms™, A represents the area in square meters,
P symbolizes vapor pressure of the liquid as Pascal and T is the temperature as degree

Kelvin. The equation was rearranged as:
dE,/dt =KAP v/(VuRT) (30)

In equation (30), Fv represents the volume of the evaporated compound, v symbolizes
the molar volume of the liquid in m3/mol and Vo signifies the volume of the spillage

at the beginning in m3. Then, equation (30) yields:

dE, = [P v/(RT)](K A dt/V,) (31)
which was arranged to give:

dFE, = H df (32)

In equation (32), H represents Henry’s law constant, and 6 symbolizes evaporative
exposure (Stiver and Mackay, 1984). In equation (31), (K A dt/V,) signifies the time-
rate of evaporative exposure and was represented as df in equation (32). As it can be
seen from the equation, the evaporative exposure is correspondent to time, area of
spillage, the thickness of oil spill and mass transfer constant which is a function of the
wind velocity. In other words, the evaporative exposure can be seen as the vapor

volume ratio to initial fluid volume.

In equation (31), [P v/(R T)] signifies H in equation (32) and H represents Henry’s
law constant. H is correspondent to temperature. Hence, 6H represents the ratio of the
amount of oil evaporated to the initial amount. In the case of pure fluids, H can be

assumed as independent to Fy so equation (30) was rearranged as (Fingas, 2013):
E,=H® (33)

According to Fingas (2013), when K, A and temperature do not vary, the evaporation
rate does not vary too, and the evaporation process can be thought as finished if 8 gets
to the level of 1/H.
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In the case of fluid involving multiple compounds, H can be assumed as dependent on
Fv. Therefore, H should be defined by using Fy to rearrange equation (31), that is, the
vapor pressure variable can be described as a correlation with composition. In this
situation, evaporation of the oil decreases as evaporation continues. Fingas (2013)

says that equation (31) was rearranged by experimental data to obtain:
F, = (T/Ky)In(1 + K,60/T) exp(K, — K3/T) (34)

In equation (34), Fv represents the ratio of the volume evaporated and Ki, 2, 3
symbolizes experimental coefficients. K1 was found from the slope of the curve of Fy
versus log 6 by evaporation experiments. According to Fingas (2013), when 8 is
bigger than 10%, the value of K approaches the value of 2.3T divided by the slope. K>

and Kz were found separately by evaporation curvature at two different temperatures.

Fingas (2013) says that Hamoda and co-workers also studied evaporation in theory
and conducted empirical researches. An approach was developed to understand how
American Petroleum Institute gravity, API° (expression for density), temperature and

salinity affect mass transfers constant, K (Hamoda et al., 1989):
K = 1.68 X 107> (API°)1-253 (T)180 g~0.1441 (35)

In equation (35), K represents mass transfer constant in cm/h, API° symbolizes
unitless density APl parameter, and T signifies temperature as degree Celsius.
Exponential values in the model were found from the results obtained from the

experiments after multiple linear regression (Hamoda et al., 2013).

Quinn et al. (1990) provided an oil spill to make it evaporate in a conditioned medium
and compared the evaporation records with former models such as Fick’s diffusion
law and the Clausius-Clapeyron equation. In this study, oil was separated into different
components according to their boiling point. Every component was regarded as equal
to an n-paraffin. Fractions of n-paraffin were decided by capillary gas-liquid
chromatography. The evaporation rate in the field and evaporation rates obtained by
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modelling were compared. Evaporative modelling gives very accurate results for film

thickness from 10 pm to 1 mm until 4 weeks of weathering.

Bobra (1992) worked on oil evaporation modeling. The evaporation rates of different
oil components were observed in numerous weathering conditions. The data collected
from observations were evaluated regarding the formula given by Stiver and Mackay
(1984). The formula was:

F, = In[1 + B(T;/T) 6 exp(A — BT,/T)] {T/BT;}  (36)

In equation (36), Fv represents the ratio evaporated, Tc symbolizes the slope of the
distillation curvature, A and B signifies unitless coefficients, To is the boiling point of
the oil product at the beginning and 6 represents evaporative exposure. In order to
understand the effectiveness of the model, empirical data and modeling results were
compared where results were found to be low in accuracy (Bobra, 1992). The result
of the study indicated that Stiver and Mackay evaporation model was accurate as the
evaporation time reaches 8 hours. However, it was seen that after the period of 8 hours
evaporation rate was overestimated. The overestimation could reach up to 10% of
overall evaporation in the 24-hour period. The situation was mainly valid for light oil
products. The Stiver and Mackay model was also decided to be in low accuracy in
predicting oil evaporation in the beginning period (Fingas, 2013). According to Fingas
(2013), Bobra stated that a big part of the oil evaporation curvature is logarithmic with
time and this approach is much more accurate than equation (34).

In conclusion, developing an evaporation model for oil spills is a very challenging
subject because of many different reasons. Firstly, oil product involves several
compounds with different boiling points, vapor pressure and characteristics.
Furthermore, oil evaporation is a diffusion regulated process but not an air-boundary-
layer regulated process. Therefore, models used for water evaporation cannot be

adapted to oil spill evaporation modeling.
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2.5.2. Development of Diffusion-Regulated Models

According to Fingas (2013), air-boundary-layer models are not sufficient to explain
long term evaporation of oils. In order to understand the concepts, Fingas (2013)

conducted several experiments.

An experiment was conducted to understand if oil evaporation is air-boundary-layer
regulated or not by measuring the wind effect on oil evaporation by equations (2) and
(9). Oil evaporation experiments were conducted with ASMB (Alberta Sweet Mixed
Blend), gasoline and water with different wind speeds. Water evaporation behavior
was taken as the reference line in order to compare the results of the experiment. Three
of the figures below show the evaporation rate of gasoline, ASMB and water
respectively, regarding the loss of weight as a percentage versus various wind speed.
According to Figure 2.8., Figure 2.9. and Figure 2.10., it can easily be seen that wind

speed does not have an increasing effect on the evaporation rate of oil products.
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Figure 2.8. Evaporation Rates of Gasoline versus Various Wind Speed (Fingas 2013).
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Figure 2.9. Evaporation Rates of ASMB versus Various Wind Speed (Fingas 2013).

There is only very little change in the evaporation rate from the 0 m/s wind speed to
other wind speed levels. According to Fingas (2013), this can be explained by the

stirring effect of wind but not in terms of air-boundary layer interaction.
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Figure 2.10. Evaporation Rates of Water versus Various Wind Speed (Fingas 2013).
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On the other hand, it can be seen from the Figure 2.10. that there are dramatic changes
in the evaporation rate of water as wind speed increases. According to Fingas (2013),
it can be explained by the air-boundary-layer regulation evaporation model as it is

mentioned before.
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Figure 2.11. Wind Velocity versus Evaporation Rates (Fingas, 2013)

Figure 2.11 is obtained by correlation of data from the experiments. It can be seen
from the lines that there is no correlation between wind speed and oil evaporation
rates. On the other hand, there is a strong correlation between water evaporation and

wind speed. As wind speed increases the evaporation rate of water also increases.
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As a result of the experiment, it can be seen that the air-boundary-regulation model
does not apply for the evaporation of oil products. However, the stirring effect of wind

for evaporation at the beginning level should not be ignored.

Another important parameter for evaporation is the saturation concentration of oils.
Saturation concentration is the maximum concentration of a liquid that can be soluble
in the air. Table 2.10 shows the saturation concentration of different kinds of oil
products and water. From the table, it is shown that water has a lower saturation
concentration compared to oil products. According to Fingas (2013), this is due to the

fact that oil products have not significant boundary layer limitations.

Table 2.10. Saturation Concentration of Water and Hydrocarbons (Fingas, 2013)

Saturation Concentration

Substance in g/m®at 25 °C
water 20
n-pentane 1689
hexane 564
cyclohexane 357
benzene 319
n-heptane 196
methylcyclohexane 192
toluene 110
ethylbenzene 40
p-Xylene 38
m-Xylene 35
0-xylene 29

According to Fingas (2013), there is an important difficulty in modelling of oil
evaporation since every oil product has a different evaporation equation even in
similar conditions. Therefore, it is important to have formerly obtained data to
calculate the evaporation rate of oils. Fingas (2013) says that distillation data is used

to characterize oils and it can be used to calculate the evaporation rate.
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Oils and diesel fuels have different evaporation equations. Oils have evaporation rates
as a logarithm with time. On the other hand, diesel fuels, like jet fuel which contains
kerosene, have evaporation rate as a square root of time. According to Fingas (2013),
the reason for this situation is that diesel oils contain only fewer number of compounds

which have similar evaporation rates.

The data obtained from experiments at 15 °C were applied to temperature equations.

So, the temperature equations were modified to give:
% Evaporation = [B + 0.045(T — 15)] In(t) (37)

In equation (37), B represents the equation factor at 15 °C, T symbolizes temperature

in degrees Celsius and t signifies time as minute.

Fingas (1996) correlated distillation data by experiments so that evaporation rates of
oils are found. It was seen that 180 °C is the optimum temperature for the correlation
of distillation data to evaporation rates. Percentage evaporated at 180 °C was used to
formulate the relationship between distillation and evaporation.

For oils which have a logarithm with time the equation yields as:
Percentage evaporated = 0.165(%D) In(t) (38)
And for diesel-like oils which have square root equation the equation yields as:
Percentage evaporated = 0.0254(%D)+/t (39)

where %D is percentage distilled by weight at 180 °C and t is the time in minutes.
Fingas (1996) combined the equations with the equations which were obtained before

so that equations derived to as below:
For oils which have a logarithm with time:
Percentage evaporated = [0.165(%D) + 0.045(T — 15)]In(t)  (40)

And for diesel-like oils which have a square root equation:
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Percentage evaporated = [0.0254(%D) + 0.01(T — 15)]\/t (41)

where %D is percentage distilled by weight at 180 °C, T is temperature in degrees

Celsius and t is the time in minutes (Fingas, 1996).

Fingas (2013) says that thicker oil spills, more than 2 mm, evaporates much more
slowly compared to thinner spills since they have diffusion regulated evaporation
regulation. Oil compounds have to diffuse longer distances to evaporate in thicker

spills. Additionally, it is totally different from the air-boundary-layer model.

Some experiments were conducted in order to see thickness effect on evaporation with
light crude oil and ASMB. Fingas (2013) says that the most fitting equation can be
obtained by a square root function for the thickness effect correction factor. The

equation is as below:
Corrected equation factor = equation factor + 1 — 0.78 x v/t (42)

where the corrected equation factor is a factor for oil thickness and t is the thickness
of oil product in millimeter. Fingas (2013) also states that the equation (42) is valid

for evaporation of oil spills with a thickness of more than 1.5 mm.

Fingas (2013) says that there is another important factor called bottle effect that has
an impact on evaporation rates of oils. The evaporation rate is higher when oil is
covered such as in a bottle than it is fully open. It can be explained by impermanent
or partly air-boundary-layer regulated evaporation behavior of oil in the bottle. The
bottle effect ends when the evaporation rate of oil product becomes low compared to
the evaporation rate of oil vapor which evaporates from the bottle mouth.

According to Fingas (2013), it can be seen from the experiments that wind has a slight
effect on the evaporation of oil with respect to the condition with no wind at all. This
is the result of the stirring effect of wind which results in an increased diffusion rate
of oil. However, the same effect does not apply to the evaporation rate of oil as the

velocity of wind increases. As a result, it can only be observed in zero wind conditions.
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2.5.3. Application and Comparison of Evaporation Models in Oil Spillages

According to Fingas (2013), evaporation equations are the most important concern in
oil spillage modelling since the most important physical process that affects oil
composition is evaporation. For many years, different equations are used for oil
evaporation modelling. Nowadays, in evaporation modelling, the equations used are
given as in Table 2.11 in which T is the temperature in degree Celsius and t is time in

minutes.

Table 2.11. Sample of Empirical Equations of Oil Evaporation (Fingas, 2013)

Oil Type

Equation

Alaska North Slope
Alberta Sweet Mixed Blend
Arabian Medium

Arabian Heavy

Arabian Light

Barrow Island, Australia
Boscan, Venezuela

Brent, United Kingdom
Bunker C - Light (IFO~250)
Bunker C - long term
Bunker C (short term)
California API 11

Cano Limon, Colombia
Chavyo, Russia

Cold Lake Bitumen, AB Canada
Delta West Block 97, USA
Diesel - long term

Diesel Fuel short term
Ekofisk, Norway
Federated, AB, Canada
Fuel Oil #5

Gasoline

Gulfaks, Norway

Hout, Kuwait

IFO-180

Isthmus, Mexico

%EV = (2.86 + .045T)In(t)
%EV = (3.24 + .054T)In(t)
%Ev = (1.89 + .045T)In(t)
%EV = (2.71 + .045T)In(t)
%Ev = (3.41 + .045T)In(t)
%EV = (4.67 + .045T)In(t)
%Ev = (-0.15 + .013T)/t
%Ev = (3.39 +.048T)In(t)
%Ev = (.0035 + .0026T)/t
%Ev = (-.21 + .045T)In(t)
%Ev = (.35 +.013T)/t
%Ev = (-0.13 + .013T)/t
%Ev = (1.71 + .045T)In(t)
%EVv = (3.52 + .045T)In(t)
%Ev = (-0.16 + .013T)/t
%EVv = (6.57 + .045T)In(t)
%Ev = (5.8 +.045T)In(t)
%Ev = (0.39 + .013T)/t
%EV = (4.92 + .045T)In(t)
%EV = (3.47 + .045T)In(t)
%Ev = (-0.14 + .013T)/t
%Ev = (13.2 + .21T)In(t)
%EV = (2.29 + .034T)In(t)
%Ev = (2.29 + .045T)In(t)
%Ev = (-0.12 + .013T)/t
%EV = (2.48 + .045T)In(t)
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Table 2.11. Sample of Empirical Equations of Oil Evaporation (Cont’ed) (Fingas, 2013)

Oil Type Equation

Jet Al %Ev = (.59 +.013T)/t
Komineft, Russian %Ev = (2.73 +.045T)In(t)
Lago, Angola %Ev = (1.13 + .045T)In(t)
Lago Treco, Venezuela %Ev = (1.12 + .045T)In(t)
Maya, Mexico %Ev = (1.38 +.045T)In(t)
Sahara Blend, Algeria %Ev = (0.001 + .013T)/t
Sakalin, Russia %Ev = (4.16 + .045T)In(t)
Scotia Light %Ev = (6.87 + .045T)In(t)
South Louisiana %Ev = (2.39 +.045T)In(t)
Statfjord, Norway %Ev = (2.67 +.06T)In(t)
Taching, China %Ev = (-0.11 + .013T)/t
Troll, Norway %Ev = (2.26 +.045T)In(t)
West Texas Intermediate %Ev = (2.77 + .045T)In(t)
West Texas Sour %Ev = (2.57 +.045T)In(t)

Researches on air-boundary-layer evaporation modelling of oil spills result in the
wrong conclusion with respect to empirical values. In Figure 2.12, it can be easily seen
that evaporation modeling of diesel product values of the air-boundary-layer model
and experimental results are very close to each other in the case of no wind. However,
diesel evaporation data obtained with various wind speeds result in big differences as

much as 100% in a longer period of time such as 200 hours.

53



80 H -y
Traditional with varying winds -— - =" -
p— = TR 10
[ - TF ro-"! H
- - - ad Ll P!
[~ ¢ f" L o'
2 N 4 7 o 2
g o
S ©  Traditional no wind
© O
> | |
o 40
I= e Trad. no wind
g 1 0O Trad. 10 m/s
61_) EEEyEEE Trad. 20 m/s
20 4 empirical curve - o ommA Empirical curve
LT Trad. B. no wind
- mmm o Trad B. 10 m/s
- e s Em Em Trad. B. 20 m/s
0 -

0 20 40 60 80 100 120 140 160

Time in Days

Figure 2.12. Evaporation Rate Modelling of Diesel Oil with Air-layer-boundary Equation (like
equation (33)) versus Experimental Data Given in Table 11 (Fingas, 2013)

In Figure 2.13, the results of the evaporation modelling of Bunker C with two different
air-layer-boundary equations and experimental data are given. The evaporation rates
of models are almost the same until 8 hours. Nevertheless, in the case of varying winds
levels, evaporation data obtained by air-layer-boundary equations have great
differences with empirical data as much as 400% for a time period of 200 hours. As a
result, air-layer-boundary models are not applicable for modelling Bunker C

evaporation with wind condition as seen from the experimental data.
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Figure 2.13. Evaporation Rate Modelling of Bunker C with Air-layer-boundary Equation (like
equation (33)) versus Experimental Data Given in Table 11 (Fingas, 2013)

Thus, Fingas (2013) concludes that air-layer-boundary modelling of oil results in three
main errors. Firstly and most importantly, with air-layer-boundary modelling, accurate
long term evaporation rates cannot be obtained. Secondly, results in the case of
different wind levels are impossible in reality. Finally, air-layer-boundary models do
not give accurate evaporation rate curves for diesel oils. Fingas (2013) says that in
order to obtain realistic results with air-layer-boundary equations, many researchers
set maximum allowable evaporation value for long term evaporation modelling. For
example, in Alberta of Pembina, an oil spill was analyzed by taking samples after 30
years and the evaporation rate was found to be 58%. In Figure 2.14, actual data,
experimental prediction and air-layer-boundary modelling results are given. As it can
be seen from the figure, actual analysis and empirical data are similar. However, the

prediction made by air-layer-boundary modelling results in unrealistic values.
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Figure 2.14. Evaporation Rate Modelling of Pembina Crude Oil with Air-layer-boundary Equation
(like equation (33)) versus Real Data and Experimental Curve (Fingas, 2013)

In conclusion, the evaporation of oil cannot be modeled as an air-boundary-layer
regulation. There are many experiments that show air-boundary-layer regulated
modeling does not result in accurate evaporation rates. Hence, simpler evaporation
modeling equations can be enough to describe the evaporation of oil products.
Additionally, wind speed, turbulence of wind, area and scale size do not have major
importance in oil evaporation modelling. In the oil evaporation process, the most

important factors that should be taken into consideration are time and temperature.

The application of air-boundary-layer equations to predict oil evaporation for spillage
gives unrealistic evaporation rates. According to Fingas (2013), there are three main
reasons for inaccurate modeling results. First, air-boundary-layer equations do not

provide accurate evaporation values for a long period of time. Second, the wind effect
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causes the air-layer-boundary model to be in unreal rates. Third, air-boundary-layer

models are not suitable for predict evaporation curves of oils like diesel.

Fingas (2013) states that diffusion-regulated equations are as accurate as empirical
evaporation equations for oil products. Diffusion-regulated equations are used in the
form given in equation (38). Fingas (2013) also says that diesel-like oils have the

evaporation curve which follows the square root curve as given in equation (39).

According to Fingas (2013), in evaporation modeling, the best results can be achieved
by using experimental equations as given in Table 2.11. If empirical equations are not

present, distillation data can be used as given in equations (40) and (41).

According to Mackay and Wesenbeeck (2014), the evaporation rate is a concern for
chemical exposure prediction in chemical spills. Evaporation rate and vapor pressure
of substance have a relation. The relationship between evaporation rate and vapor
pressure is established by Mackay and Wesenbeeck for several substances.
Evaporation rate can be affected by numerous factors such as solar radiation, wind
speed and humidity. However, these factors are not included in the determined

formulation for the evaporation rate.

According to ideal gas law, on a solid and non-absorbing surface, a pure liquid

substance has a saturated vapor concentration as indicated in equation (43) or (44).
C; = P/RT (43)
C; = PM/RT (44)

In equation (43) and (44), P is vapor pressure in Pa, M is molar weight in kg/mol, R
is gas constant as 8.314 Pa m® /mol K and T is absolute temperature in K. Therefore,

C, is in mol/m3 in equation (43) and kg/m? in equation (44).

Evaporation rate can be thought as the result of saturated vapor concentration and
mass transfer constant, k as m/s which is the speed of transfer of saturated air from the

liquid surface. Similar to Fick’s law, diffusivity is D in m?s™ and diffusion path length
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is Y in m, then k is equal to DY, Thus, the evaporation rate is defined as molar flux

and mass flux in equation (45) and (46) as:
E = Pk/RT (45)
E = PMk/RT (46)
In equation (45), evaporation rate, E is in mol/m?s and in equation (46), E is in kg/m?s.

Mackay and Wesenbeeck (2014) says that there is a correlation between E and P but
not PM. The slope of the plot of log E versus log P is less than 1. This can be expressed
by the absence of M in the correlation. Chemicals with higher molecular mass have
lower volatility. If correlation is changed to evaporation rate in molar flux versus
pressure than evaporation rate decreases and slope increases. E is modified to mol/m?s
and the slope of the plot is obtained closer to 1. Therefore, there is no need for a
logarithmic correlation between E and P. The relationship between E and P can be
expressed as simple and one parameter formula. Correlation between molar

evaporation rate, E and pressure, P is given in the Figure 2.15.
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Figure 2.15. Plot of Molar Evaporation Rate, E vs. Pressure, P
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According to Mackay and Wesenbeeck (2014), the correlation between the E and P
can be expressed as:

E=1464xP x M (47)

In equation (47), evaporation rate as mass flux, E, is in pg/m?s, mean slope coefficient
IS 1464, vapor pressure, P, is in Pa and molar mass, M, is in g/mol. The mean slope
correlation factor is modified by 10° pg/kg, 3600 s/h and 1073 kg/g.

In Table 2.12, the modified slope coefficient, molar mass and vapor pressures of

several substances are given.

Table 2.12. Evaporation Rate Coefficients of Several Substances at 25 °C According to Equation 47

(Mackay and Wesenbeeck, 2014)

MW

ER

Chemical Name VP (Pa) (g/mol) (mgm2s) Emass/(PXMW)
acetone 3.08 X 10* 58,08 5.04 X 10? 1015
benzene 1.27 X 10* 78,11 3.62 X 102 1315
isobutyl acetate 2.41 X 10° 116,16 1.36 X 102 1744
isobutyl alcohol 1.53 X 10° 74,12 4,50 X 10! 1426
n-butanol 9.46 X 10? 74,12 3.19 X 10t 1635
isobutyl 627X 102 14422 430X 10! 1712
isobutyrate
cyclohexanol 9.20 X 10* 100,16 7.05 X 10° 2755
cyclohexanone 5.39 X 102 98,15 2.89 X 10! 1967
diacetone alcohol ~ 1.65 X 102 116,16 8.20 X 10° 1537
diethyl ketone 4,71 X 10° 86,13 1.93 X 102 1710
diisobutyl ketone  2.23 X 10? 142,24 1.60 X 10! 1815
ethyl acetate 1.26 X 10* 88,11 4.00 X 102 1298
ethanol (100%) 7.86 X 103 46,07 1.19 X 10? 1181
ethyl amyl ketone ~ 2.60 X 10? 128,22 2.24 X 101 2424
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Table 2.12. Evaporation Rate Coefficients of Several Substances at 25 °C According to Equation 47
(Cont’ed) (Mackay and Wesenbeeck, 2014)

Chemical Name VP (Pa) (gl\//lrr\{:)/I) (mg E}g s1) Emass/(PXMW)
ethylbenzene 1.28 X 103 106,17 6.82 X 10* 1812
ethyl lactate 5.00 X 10? 118,13 1.80 X 10* 1096
n-hexane 2.02 X 10* 86,18 5.87 X 10? 1215
isophorone 5.73 X 10* 138,21 2.17 X 10° 988
mesityl oxide 1.46 X 10° 98,15 7.23 X 10! 1820
methanol 1.70 X 10* 32,04 1.37 X 10° 905
nitroethane 2.80 X 10° 75,07 1.21 X 102 2078
nitromethane 4.77 X 103 61,04 1.57 X 10? 1936
1-nitropropane 1.37 X 10° 89,09 7.62 X 10t 2247
n-octane 1.85 X 103 114,23 1.17 X 102 1993
n-propyl acetate 4.49 X 103 102,13 1.92 X 10? 1504
isopropyl alcohol  5.69 X 103 60,1 7.56 X 10* 796
n-propyl alcohol ~ 2.83 X 103 60,1 6.00 X 10* 1271
tetrahydrofuran 2.17 X 10* 72,11 4.68 X 102 1078
toluene 3.80 X 10° 92,14 1.82 X 102 1873
p-Xylene 1.17 X 103 106,17 7.00 X 10* 2024
dodecane 1.23 X 10* 170,34 2.75X 107! 474
n-octanol 1.73 X 10t 130,23 3.75 X 107! 599
tridiphane 2.93 X 1072 320,43 1.98 X 103 759
trifluralin 1.47 X 102 335,29 441 X10°* 322
pendimethalin 4.00 X 1073 281,31 2.89 X 10 924
2,4-D 2.67 X107 221,04 1.86 X 10°* 1135
diazinon 1.49 X 1073 304,35 252X 10 2004
toxaphene 533X 10 413,82 553X 107 902
dieldrin 6.59 X 10°* 380,91 478 X107 685
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According to Table 2.12, dodecane has an evaporation rate equation as:
E=474xPxM (48)

In equation (48), E is the evaporation rate in pg/m?s, vapor pressure, P, is in Pa and

molar weight is in g/mol.

The purposed methodology offers linear regression with one parameter. In practice,
the evaporation rate can be affected by several environmental factors such as wind
speed, temperature and radiation. If environmental factors are taken into account, the
correlation becomes more accurate but more complex to handle. However, simple
approaches can be used for checking data obtained from the field. Unfortunately, this

approach can be applied to estimate the evaporation of pure substances.

2.6. Dispersion of Air Pollutants

Air pollutants do not stay at their discharge point. Atmospheric motions and physical
conditions move particles emitted in the air. Therefore, it is important to understand
the mechanism which affects the dispersion process of airborne particles (Spellman &
Stoudt, 2013). The concentration of a contaminant at a specific location is
correspondent to several factors such as emission rates, distance from the source and

meteorological conditions (Abdel-Rahman, 2008).

2.6.1. Weather

Atmospheric conditions significantly affect pollutant concentration, in a positive or
negative manner, particularly on the local scale (Spellman & Stoudt, 2013). Variation
of atmospheric factors can cause the concentration of a substance in the air to be
affected by 10 times even in a case of steady wind flow. Obviously, meteorological
factors are significant for accurate modeling of air pollution dispersion. On the other

hand, mainly microscale atmospheric conditions are concern with air dispersion
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modelling. Atmospheric conditions on the larger scale have also an effect on
dispersion, however, their effect is only significant for pollution with a longer period
of time than 1 hour (De Visscher, 2014).

Meteorological conditions affect substance concentration in the air mechanically and
chemically. Weather conditions can ease airborne substances to precipitate
mechanically which causes a decrease in concentration. Particle concentration in the
air is diluted by wind which brings clean air. Air and the pollutant contained by air
rise as the sun heat up the upper atmosphere.

Atmospheric factors such as wind and turbulence can mix two different air
contaminants which give a chemical reaction and form another hazardous substance
(Spellman & Stoudt, 2013).

2.6.2. Turbulence

Turbulence in the air is a significant factor which affects air dispersion of
contaminants. Since turbulence provides fresh air to the contaminated air mixture, the
concentration of pollutants decreases. Turbulence is caused by wind speed which is a
result of temperature difference in the atmosphere proportional to elevation.
Therefore, turbulence is related to stability which is correspondent to vertical
temperature distribution in the atmosphere (Spellman & Stoudt, 2013). Stability
means the tendency or resistance of air to move vertically which is crucial for pollution
dispersion (Nesaratnam and Taherzadeh, 2014). In other words, if air resists vertical
movement it can be regarded as stable, if air develops vertical motion then it can be
assumed to be unstable (Boubel et al., 1994).

Pasquill (1961) categorized atmospheric stability classes into six different groups.
Pasquill’s stability classes are shown in Table 2.13. Sutherland et al. (1986) states that
stability class can also be decided qualitatively from atmospheric conditions by

practical skills.
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Table 2.13. Pasquill’s Atmospheric Stability Classes

Pasquill

stability class Condition

extremely unstable
moderately unstable
slightly unstable
neutral

slightly stable
moderately stable

MTMmOO T >

Pasquill (1961) also proposed key characteristics for deciding the stability category of
the atmospheric conditions. Table 2.14 shows the key characteristics of the stability

categories.

Table 2.14. Key to Stability Categories

Surface Insolation Night
wind Thinly
spleoe (;in()at Strong | Moderate | Slight O;Z;gei;[vgr (:Slgl/jii

m/sec cloud
<2 A A-B B - -
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D E

Atmospheric stability classes are used to define the dispersion rate of airborne
contaminants (Chapman, 2017). Spellman & Stoudt (2013) says that stable
meteorological conditions results in low wind speeds accordingly lower level of
turbulence. Therefore, low turbulence has an adversary effect on the dispersion of
contaminants (Spellman & Stoudt, 2013). On the contrary, if rising pollutants do not
reach stable atmospheric conditions then they are diluted by turbulence which ease the

dispersion of contaminants (Hanna et al., 1982).
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2.6.3. Topography

Topography has an important effect on airflow patterns and dispersion of pollutants
from point and area sources (Spellman & Stoudt, 2013). Complex topographical
structures in a region have a powerful influence on wind patterns which cause

alteration in the stability of atmospheric conditions affecting contaminant dispersal
(\Valdenebro et al., 2014).

According to Nesaratnam and Taherzadeh (2014), buildings cause turbulence which
has an effect on pollutant dispersion. Wind is divided into two parts in the front part
of the building and as a result, the distributed wind covers the structure twice its height
by upwards and five to ten times its height by downwind direction. Figure 2.16 shows
the effect of a building to the flow of wind.
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Figure 2.16. The Effect of a Building to the Flow of Wind

Temperature change, pressure change and friction which is related to surface
roughness, affects wind speed (Godish, 2004). The effect of urban, suburbs and rural
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areas on wind speed is shown in Figure 2.17 (Turner, 1994). At the top height of each
wind profile, surface effect is over and the gradient wind starts. The highest level for
the urban area is 500 m, 350 m for the suburban area and 250 m for the rural area
(Godish, 2004).

Suburbs Lesvel country

Gradient wind

L]

Figure 2.17. Effect of Urban, Suburbs and Rural Areas on Wind Speed (Turner, 1994)

2.6.4. Dispersion Models

According to Lim et al. (2012), Global Burden of Disease research shows that one of
the most important health problem in the world is caused by exposure to
environmental and indoor air contaminants. Russell et al. (2014) say that the number
of evidences showing the adversary effect of air pollution is increasing. For
establishing legislative precautions to air pollution, estimation of the scale of the
health impact and prediction of economical cost is needed (Brandt et al., 2014).
Scientists and governmental foundations have been doing researches in scientific and
legislative means in order to comprehend the air pollution problem (Namdeo et al.,
2012). Currently, health experts conducting a study to establish a procedure which
involves air quality modelling in order to connect air pollution to several health
problems (Russell et al., 2014).
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Air dispersion modeling continues to be developed for over decades (Sriram et al.
2006). There are many different models for air dispersion varying from simple
Gaussian plume models to complex computational fluid dynamics models (De
Visscher, 2014). Air dispersion modelling provides an estimation of the concentration
of pollutants at a specific distance from the pollution source (Spellman & Stoudt,
2013). De Visscher (2014) claims that generally basic air dispersion models have more
accuracy in pollutant concentration prediction than complex models. Though, every
dispersion model has a handicap and high accuracy is not certain. In general, high
accuracy can be reached by correct model selection regarding model requirements and
circumstances. Singh (2018) says that there are five different models available for air

pollutant dispersion:

Box Model
Gaussian Model
Lagrangian Model
Eulerian Model

o B~ w D

Dense gas model

According to Artana et al., (2014), some scientists also examine hybrid models which

are a combination of different dispersion models.

Currently, the most widely used model of air dispersion estimation is Gaussian Plume
Model and its modified versions (Sriram et al. 2006). According to Spellman & Stoudt
(2013), during air dispersion modelling four-step procedure is recommended to
follow:

1. Determine the rate, duration and location of the emission

2. Decide the best suitable model to conduct dispersion modelling study
3. Calculate the concentration of pollutant at the specific location
4

Determine possible outcomes according to the modelling process.
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2.6.5. Box Model

Markiewicz (2006) claims that the box model is the simplest model among all other
dispersion models. According to the box model, the atmosphere is thought to be
separated into equal size of numerous boxes (Indra et al., 2004). It is assumed that
emission from the source is constant over a distance Ax. It is also assumed that the
concentration of the pollutant is constant in the box due to uniform mixing. In the box,
the wind velocity is taken as a constant value. In the box model, mixing height is
tought to be increasing with respect to time. Thus, the box model equation can be

expressed as (Hanna et al., 1982):
ac 0z;
sziE=AxQ+uzi(Cb—C)+AxE(Ca—C) (49)

] change due change due to mixing
Change in the C ]
o = source + tohorizontal + layer growth and
with time ) ) )
advection vertical advection

In equation (49), Q represents the emission rate in mass per unit time per unit area, C,

and C, symbolize concentrations upwind and above the mixing height respectively. In

steady-state conditions, Cp, Z—i and % is equal to 0 hence, the equation (49) yields to:

¢ =22 (50)

Box model diagram can be seen in Figure 2.18.
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Figure 2.18. Box Model Diagram (Hanna et al., 1982)

Hanna et al. (1982) state that generally governmental foundations use the box model
for detecting some specific substances to take into consideration solely among a group
of hazardous chemicals. In general, the box model is regarded as a fundamental
approach for dispersion modelling and good results have been obtained. On the other
hand, Spellman & Stoudt (2013) claim that since assumptions in the box model are

very simple, the accuracy of the model is limited in air dispersion estimation.

2.6.6. Gaussian Model

The first and most widely used air dispersion model is Gaussian model. It is assumed
that the dispersion of pollutants has a Gaussian distribution model. In general, the
Gaussian model is applied to steady-state air pollutant emission from the sources at
ground-level or at a specific height (Spellman & Stoudt, 2013). The Gaussian model
can be used for calculations to determine the concentration of the pollutant emitted

from a source (Beychok, 2005). Empirically, the model can be defined drawn as
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standard deviation of concentration in y and z-axis correspondent to atmospheric

stability classes and downwind distance from the emission point (Singh, 2018).

In case of modeling emissions from ground level area sources, it can be assumed that
there are many point sources which have individual emissions. All emissions from
each point source in the area can be combined by assuming that there is an initial
horizontal standard deviation, oyo. A Vvirtual distance, Xy, can be determined to give
horizontal standard deviation, oyo. This value is used to determine oy according to
atmospheric stability class. After that, model for point source can be used to determine
oy as a function of x + xy. According to this theory, area source can be thought as a
crosswind line source with a Gaussian distribution. The initial horizontal standard
deviation, oyo, for an area source can be calculated by oyo = $/4.3, where s is the length

of the area source (Turner, 1994).

According to Indra et al. (2004), in Gaussian modelling of a plume of a single stack,

the assumptions made are as:

Distribution of concentration in the plume is Gaussian in both y and z-axis
Wind velocity, u, and wind direction is constant

Continuous and constant emission rate of pollutant, Q

Dispersion in x-axis is negligible

The pollutant does not have a chemical reaction

Steady-state and homogeneous transportation of pollutants

N o g s~ w D Pe

Topography is negligible

On the other hand, Singh (2018) mentions additional assumptions such as:
1. There is no background pollution

2. Mass is preserved by reflection from the ground

Hence, the Gaussian dispersion model can be expressed as:
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__Q oy _(@z-n)?
¢= 2MUCy 0, exp ( 20y2> exp [ 20,2 ] (51)

In equation (51), C represents the concentration of the pollutant at a given point, Q
symbolizes the emission rate of the pollutant, u is the wind velocity, o, signifies
horizontal dispersion parameter, o, is the vertical dispersion parameter, h is the
effective height (De Visscher, 2014).

Figure 2.19 shows the Gaussian dispersion model (Nesaratnam and Taherzadeh,
2014).
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wind virtual point source Q
velocity u axis
point source o =4
. plume centre line _.~
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profile

actual plume.._
centre line ~.

e .
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Figure 2.19. Gaussian Dispersion Model (Nesaratham and Taherzadeh, 2014).

According to the assumption of mass is preserved by reflection from the ground, a
reflected source is added to the equation and equation (51) yields (De Visscher, 2014):
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Figure 2.20 shows non-buoyant Gaussian dispersion model from a ground source.

Figure 2.21 demostrates reflected source due to ground reflection.

Extent of plume

Lateral
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Profile

.
Wind Direction

Vertical
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Figure 2.20. Non-buoyant Gaussian Dispersion from a Ground Source (Pursuer et al., 2016).

_____ Region of reflection \

Figure 2.21. Reflected source due to ground reflection (Cooper and Alley, 2011)
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From the equation (52), it can be concluded that (De Visscher, 2014):

1. The pollution concentration is correspondent to the emission rate
2. The pollution concentration has inverse proportion to wind velocity: high
velocity of wind results in low pollutant concentration
3. In the case of the plume rise is affected by emission and wind speed, hence,
the first two conclusions are only approximations.
According to Hanna et al. (1982), it should also be considered what would happen if
wind velocity, u, is measured as zero in the Gaussian model. Hanna et al. (1982) states
that anemometers can give a measurement result as u~0 near the surface however it
should be suitable to take u as 0.5 m/s since it is not possible for the wind to stop

completely at the surface of the ground.

In general, the main concern is the ground level concentration of pollutant regarding
public health. At ground level, where z=0, the equation is derived to (Nesaratnam and
Taherzadeh, 2014):

_ Q _ y2 _ h2
¢= UGy Ty exp ( 20y2> exp ( 2022) (53)

Nesaratnam and Taherzadeh (2014) also state that the maximum concentration of the
pollutant can be observed at the center line of the plume, where y=0, therefore

equation (53) can be written as:

c=-—2 exp (— hz) (54)

2
TUCy 0y 20,

If the emission is at ground level and there is no effective plume rise, h=0, then the
equation is derived to (Godish, 2004):

c=—2 (55)
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In the Gaussian dispersion model, in order to determine pollutant concentration at the
desired downwind distance, two stages of calculation should be conducted (Singh,
2018):

1. Effective height should be calculated by adding plume rise at specific
downwind distance from the pollutant source to the height of the source.
2. Pollutant concentration at the desired downwind distance by applying the

Gaussian dispersion model.

2.6.7. Dispersion Parameters

In the Gaussian dispersion model, oy and 6; symbolize the standard deviation of the
horizontal and vertical dispersion parameters respectively. Bigger value of dispersion
parameter, o, results in wider distribution. Accordingly, the plume spreads wider as
the downwind distance from the pollution source increases and dispersion parameters
have bigger values. In other words, dispersion parameters are correspondent to value

of downwind distance, x (Nesaratnam and Taherzadeh, 2014).

Godish (2004) says that the increase in the ratio of dispersion coefficients is
proportional to meteorological parameters, specifically atmospheric stability. In the
atmospheric stability of class A, the amount of increase is maximum for dispersion
coefficients. On the other hand, in the atmospheric stability of class F, the degree of
increase is minimum for dispersion coefficients. Generally, oy is not affected by
inversion conditions, hence, oy has a bigger value than o;. Dispersion coefficients, oy

and o, can be found from Figure 2.22 and Figure 2.23 respectively.
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According to De Visscher (2014), there are various different experimental
formulations to define Pasquill’s dispersion coefficient graphs. Briggs (1973) claims
that diffusion coefficients are a function of atmospheric stability classes. De Visscher

(2014) says that Briggs (1973) formulated equations for oy and o, calculation as:

_ ax
Ty = Wrvo)e (56)

0. = dx
Z 7 (1+ex)f

(57)

In equation (56) and (57), a, b, ¢, d, e and f are experimental coefficients (De Visscher,
2014). Depending on micrometeorological rules ¢ and f are assumed as 0.5, however,
it is not valid for f in extremely stable or extremely unstable atmospheric conditions
(De Visscher, 2014). Table 2.15 shows experimental coefficients determined by

Briggs (1973) for rural and urban areas.

Table 2.15. Experimental Coefficients Determined by Briggs (1973) (De Visscher, 2014).

Rural

Oy Gz
Stability Class a b c d e f
A 0.22  0.0001 0.5 0.2 0 -
B 0.16  0.0001 0.5 0.12 0 -
C 0.11  0.0001 0.5 0.08  0.0002 0.5
D 0.08  0.0001 0.5 0.06  0.0015 0.5
E 0.06  0.0001 0.5 0.03  0.0003 1
F 0.04  0.0001 0.5 0.016 0.0003 1
Urban

Oy Oz
Stability Class a b c d e f
A-B 0.32  0.0004 0.5 0.24 0.0001 -05
C 0.22  0.0004 0.5 0.2 0 -
D 0.16  0.0004 0.5 0.14  0.0003 0.5
E-F 0.11  0.0004 0.5 0.08  0.0015 0.5
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In order to have an idea about the accuracy of the Briggs’ equation, dispersion
coefficients graph according to downwind distance for rural terrain is given in

Figure24 (a) and (b) (De Visscher, 2014).

Martin (1976) formulized an equation for oy and o; as:
o, = aX? (58)
o, =cX®+f (59)

In equation (58) and (59), a, ¢, d and f are stability coefficients, b is constant which is

equal to 0.849.
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Figure 2.24. (a) Horizontal, oy , and (b) vertical, o, , Dispersion Coefficients Formulated by Briggs
(1973) (solid lines) and Martin (1973) (dotted lines) vs. Downwind Distance, X in Rural Area (De
Visscher, 2014)
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2.6.8. Lagrangian Model

Lagrangian model can be used as another technique for pollutant dispersion
modelling. In the Lagrangian model, particle movement is correspondent to
instantaneous flow (Zannetti,1990). According to Weber (1982), distinct air parcels
are monitored and concentration is calculated for every single parcel in Lagrangian
modelling. The conception of air parcel is frequently used in atmospheric science. An
air parcel can be described as a volume of air which is sufficiently big to contain the
adequate number of molecules to have characteristics such as density, temperature and
contaminant concentration (Lin, 2012). The Lagrangian particle trajectory model
complies with the similar assumptions made by puff dispersion models (Walcek,

2002). Figure 2.25 shows the movement of a particle in the random walk model.

Y X att

xyatt;

Figure 2.25. Movement of a Particle in the Random Walk Model (Vallero, 2014)

Movement of a particle in the random walk model can be formulated by Lagrangian
approach as:

v = [x(t),y(t),z(t)] (60)
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The Lagrangian model calculates statistics of the trajectories of particles representing
the entire plume to determine pollutant dispersion (Vallero, 2014). Figure 2.26 shows

Lagrangian Model for a vertical column of boxes.

vy
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A FUNCTION OF TIME

TIME DEPENDENT MIXING
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Figure 2.26. Lagrangian Model for a Vertical Column of Boxes (Zannetti,1990).

In the Lagrangian model, assumptions are similar to puff dispersion models. In puff
model, pollutant is emitted from the source and disperses in the air by constant wind
speed and diffusivities. Additionally, pollutant dispersion is constrained by ground
level, z=0, at the bottom and planetary boundary layer (PBL) at the top in the vertical
dimension. The Lagrangian model describes the concentration of the pollutant in the

center of the puff as:

_ Q —(x—x)2—(y—-y.)? —(z-2.)? —(z+2z,)?
Cooyr) = (2n)3/20y0, exp( ) [exp( 20, )+ exp( 20, )](61)

20y ;

In equation (61), x. and y, is the center of the puff, z, puff dispersion height, o,, and o,

are horizontal and vertical dispersion coefficients respectively (Singh, 2018).
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2.6.9. Eulerian Model

Anfossi and Physick (2004) say that there are two fundamental approaches for air
dispersion modelling which are Eulerian models and Lagrangian models. In Eulerian
models, the reference system is fixed with respect to the pollution source, on the other
hand, the reference system follows the instantaneous flow in Lagrangian models
(Harrop, 2002).

The Eulerian model assumes that the amount of contaminant of concentration of c(X,

Yy, Z, t) is conserved. Therefore, the Eulerian model yields to:

% = —VVc + DiV?c + S, (62)

In equation (62), Di symbolizes the molecular diffusivity constant which is 1,5x10°
m?/s for air, V2= 92%/0x? + 9%/0y? + 8?/0z? signifies the Laplacian operator, V

represents the gradient operator, S, is source or sink term (Zannetti,1990).

7N

Figure 2.27. Scheme of Reference Frame for Eulerian (a) and Lagrangian (b) dispersion Model
(Zannetti,1990)
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According to Singh (2018), characteristics of the atmosphere such as temperature,
pressure and concentration of pollutants can be monitored by Eulerian modelling.
Eulerian dispersion model is not accurate at short distances modelling because
turbulent eddies cannot be neglected regarding downwind distance between pollution
source and the receptor. In contrast, the Lagrangian dispersion model is more accurate
for monitoring pollutant concentration on small scales. Eulerian dispersion model has
more accuracy on the regional scale. Additionally, Eulerian dispersion model
calculations need more computer work than Lagrangian models (De Visscher, 2014).
Scheme of reference frame for Eulerian and Lagrangian dispersion model can be seen

in Figure 2.27.

2.6.10. Dense Gas Model

Emission of pollutants will have an impact starting from the pollution source and the
effect of the pollutant will reduce at downwind locations. The biggest adverse effects
can be revealed by toxic or explosive gas emissions. Therefore, gas dispersion
modeling should be conducted in order to forecast pollution effects. In general,
atmospheric effects enhance dispersion and decrease adverse effects caused by
hazardous gas. This phenomenon is valid for buoyant dispersion from elevated
sources. Nevertheless, for dense gases, dispersion is reduced and the effect area is

more considerable at ground level.

There are many gas pollutants, which are denser than air such as chlorine and LPG.
Thus, dense gas modelling is an important issue (Deaves, 1992). Traditional air
dispersion models are not accurate for evaluation of the outcome of gas emissions
which are denser than air (Spicer & Havens, 1989). Dense gases have a tendency to
stay at ground level (Deaves, 1992). As a result, they cause higher safety risks in
operational areas. According to Deaves (1992), obstacles have a more significant

effect on dense gas dispersion than on elevated emission sources.

81



The dense gas dispersion model is a numerical model which can be applied to
atmospheric dispersion of hazardous gases. The dense gas dispersion model is
applicable to non-buoyant, ground level, continuous, sudden, and time-variant
emissions (EPA, 2002). The dense gas dispersion model can be applied to short-term
releases such as 1 hour or shorter time periods and the area of effect can be estimated.
The dense gas dispersion model is beneficial in case of an excessive amount of
hazardous dense gas releases. The frequently applied dense gas dispersion model are
DEGADIS, SLAB and HEGADIS (Singh, 2018).

DEGADIS can be used for modelling aerosol dispersion with predefined
concentration and density ratio. In DEGADIS, the relation between the concentration
and density of aerosol is correspondent to mole fraction, concentration and mixture
density. SLAB model is applicable to evaporating pools and stack releases. SLAB
model is used for the estimation of downwind centerline concentration and pollutant

puff dimensions (Zapert et al., 1991).
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CHAPTER 3

STATEMENT OF PROBLEM

JP-8 is a widely used jet propellant in the aviation sector. In the aerospace industry,
fueling operations have a risk of JP-8 spillage due to breakage or leakage in fueling
stations. JP-8 vapor is hazardous to health in case of human exposure, flammable and
can explode in the presence of various ignition sources such as open flames, sparks
and static electricity. Therefore, it is important to understand the evaporation and
dispersion process of JP-8 as well as the physical and environmental factors affecting

evaporation and dispersion.

By modeling JP-8 evaporation, concentration, percentage and flammability of the air-
vapor mixture can be known at a specific time and distance after the leakage of the
fuel. Dispersion modeling can be used to determine the concentration of flammable
and hazardous vapors in the air at the time given. The physical and environmental
factors such as the amount of spillage, spillage area, wind speed and temperature affect

the dispersion of particles in the air.

The aim of this study is to model evaporation and dispersion of JP-8 spill according
to the environmental and physical factors and to determine the effects of these factors
on possible outcomes. Therefore, evacuation zones can be determined, precautions for
explosion prevention can be clarified and a scientific approach to explosion protection
can be established in the aerospace industry for oil spills.
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CHAPTER 4

METHODOLOGY

4.1. Introduction

In this current study, JP-8 spill scenario is based on a real accident happened during
the fueling operation of an aircraft in the aerospace industry. In modelling, the
environmental and physical conditions are taken into consideration regarding real

accident area circumstances.

For fueling of aircraft in the fueling station, two operators connected fueling pipe to
the aircraft and started fueling operation. Just after starting fueling, two operators left
the fueling station for 30 minutes lunch break. During the fueling operation, due to the
failure in the gasket of the fuel pump’s pipeline, 4,6 tons of JP-8 leaked. Fortunately,
all JP-8 fuel discharged into the secondary containment of the fuel tank. Fueling tank
is next to fueling hangar in open air area. Additionally, JP-8 spill fully filled secondary
containment tank. However, there was no failure alarm in the fueling system and all
operators were at the lunch break for 30 minutes. After the break, the spill alarm was
given and the spillage was cleaned up by the spill response team at the end of 5 hours

of intervention.

In this thesis, after a spillage due to a failure in the fueling system, evaporation and
dispersion of JP-8 under different physical and environmental conditions are
modelled, effects of physical and environmental factors are observed, evacuation

zones and precautions for fire and explosion prevention are defined.

A steady-state model representing the evaporation of the spillage of JP-8 and
atmospheric dispersion of JP-8 vapors has been established. The spill of JP-8 is
estimated as an instantaneously-formed pool of liquid. In order to determine the
concentration of JP-8 vapors downwind of the spillage, two main models are used in
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the study. Firstly, the evaporation of JP-8 into the atmosphere is modelled.
Atmospheric and chemical properties are used to calculate the vapor formation of JP-
8. The ingredients of JP-8 assumed to be 100% of kerosene. The evaporation rate of
JP-8, calculated through the evaporation model, is regarded as the emission rate for
the atmospheric dispersion model. The JP-8 spill is assumed to be a ground level,
single and constant point source for air dispersion calculation. The concentration of
JP-8 vapors is modelled as a function of downwind distance. The air dispersion model
of JP-8 provides concentration contour plots of JP-8 at an elapsed time, elevation and
distance. The effects of each physical and environmental parameter on JP-8
concentration are modelled and discussed respectively.

4.2. Fueling Operation Area and Fuel Spill Accident Conditions

During the spill accident, physical and environmental factors have an effect on JP-8
evaporation and dispersion. Physical and environmental parameters can be listed as:
e Amount of spill
e Spillage area
e Ambient temperature
e Wind speed in the open air
e Atmospheric stability class
e Land Characteristic
At the time of the spill accident, the values of the physical and environmental factors

affecting dispersion are given in the Table 4.1.
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Table 4.1. The Values of the Physical and Environmental Factors

Parameter Value
Spillage amount 4,608 tons (5760 It)
Spill area 28,8 m?

Dimensions of the secondary

. 6,4mx45mx0,2m
containment

Ambient Temperature 30°C
Dimensions of the fuel station building 20mx30mx6,5m
Wind velocity in the open air 5 m/sec
Insolation Slight

Land characteristic Rural
Duration of evaporation until clean up 5 hours

4.3. Evaporation Model of JP-8

The main aim of JP-8 evaporation modelling is to calculate the amount of chemical
vapors emitted from the stationary and instantaneously-formed spill due to failure in
the pipeline. The area of the spill pool is assumed to occur instantaneously after
breakage and remains constant during the evaporation process. The evaporation rate
of JP-8 is dependent on time, atmospheric conditions such as temperature, wind
velocity and chemical properties of substances in JP-8 composition. For calculation

purposes, the oil spilled is considered as a pure substance of kerosene.

It is assumed that JP-8 in the pipeline leaked from the gasket rupture at atmospheric
conditions. Therefore, kerosene is considered as at ambient temperature and no heat
transfer occurs between chemical spillage and secondary containment. Additionally,
the evaporation amount from the pool is limited by the mass transfer mechanism.

Mass transfer evaporation rate, due to wind blowing over the spill pool, is considered
as constant since the mass transfer rate is independent of time. Furthermore, all oil

vapors are thought to be emitted to the atmosphere. According to the above
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assumptions, several model is used and compared for oil evaporation and dispersion

calculation.
In Stiver and Mackay model, spilled oil the evaporation rate was formulated as:
E = KAP/(RT) (29)

In equation (29), E represents the evaporative molar flux in mol/s, K symbolizes mass
transfer constant under the wind effect in ms™, A represents the area in square meters,
R symbolizes the gas constant [8,314 Pa.m?/(mol.K)], T signifies temperature (K) and

P symbolizes vapor pressure of the liquid (Pa).

As an alternative model for evaporation calculation, the Brighton evaporation model
is also used. Brighton redefined evaporation equation, and he studied on water

evaporation with a similar approach to Sutton as:
E=KC,U°d, Y% Sc (20)

In equation (20), E represents evaporation rate per unit area, K symbolizes
experimental mass transfer coefficient, C signifies evaporating liquid concentration
which is thought of as pure kerosene, d: represents pool length in meters which is 4,5
and r symbolizes an experimental constant value between 0 and 2/3. In this current
work, Schmidt number is assumed as 2.70 and r is taken as 1/3. Tkalin mass transfer
constant equations are used to determine K.

C, is determined by the formula:

_MPp,

C
S RT

(21)

In this current work, the evaporation model of Tkalin is also used for the evaporation
calculation of JP-8. Tkalin described an evaporation model for oil at sea level as:

__ KMP,;x

E;
RT

(25)

In equation (25), E; represents evaporation rate of oil compound i or total evaporation

in kg/m?s, K symbolizes mass transfer constant in m/s, M signifies molecular weight,
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Poi represents vapor pressure of the oil compound i and x signifies the amount of the

oil product i at time t. Experimental data was used to define parameters in the model:
P,; = 103e4 (26)

In equation (26), A was described as (Fingas, 2013):

A= —(4.4+10gT,)[1.803 {T,/T — 1} — 0.803 In(T,/T)]  (27)

In equation (27), Ty represents the boiling point of the oil product. K is described as:
K=125U1073 (28)

JP-8 evaporation is also modelled according to empirical equations given in Table
2.11. Since JP-8 is diesel-like fuel, the empirical equation of diesel-long term
evaporation is used. According to Fingas, diesel fuel evaporation has an empirical

equation is given as:
%Ev = (5.840.045T) / In(t) (63)
In Equation (63), T is the temperature in degree Celsius and t is time in minutes.

In this study, in order to obtain evaporation cure of pure kerosene, Clausius-Clapeyron

equation was used to calculate vapor pressure in the form as:

logy =2 (5 - 7) @
In equation (3), P represents vapor pressure at T which is absolute pressure, Ps
represents vapor pressure at boiling point, Ts. In this case, Psequals to 1 atm. Ts is
considered as 192°C which is the average value of lower and highest boiling point
given in Table 2.4. A,,,H® is the heat of evaporation as cal/g. Heat of evaporation is
determined as 86 Btu/lb. When unit conversion is done 86 Btu/lb x 2,328 = 200,208
J/g which is equals to 47,849 cal/g is obtained. M is the molecular weight. Since
kerosene is mainly equivalent to dodecane, C12H2s, molecular weight is taken as 170

g/mol.
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According to Fingas (2013), A4, H°M/(4.57 Ts) was considered as a constant value,

5+0.2, for hydrocarbons. Hence, the equation became as
log /P = 5.0[(T; — T)/T] (4)
Equation (4) is also used for calculation of the vapor pressure of spilled JP-8.

The Clausius—Clapeyron equation can be also expressed as:

Po) _ _ (vapH’\[L1 _ 1
n(2) = - (2) L -2 ®
If the exponential of the equation (6) is taken, then the equation yields a different form

of the Clausius-Clapeyron equation such as (Jenkins, 2008):

P2\ _ gy {— (Prepf\[L _ L

(Pl) - exp{ ( R )[T2 T } (7)
Equation (7) is also used in order to obtain the vapor pressure curve of kerosene. Heat
of vaporization of kerosene is given as 86 Btu/lb in Table 2.6. In order to convert

Btu/lb to KJ/kg, 86 Btu/lb multiplied by the conversion factor, 2.328, and 200,208 J/g
is obtained. The gas constant, R, is equal to 8,314 J/(mol.K).

In order to model oil evaporation in spillages, mass transfer constant is needed to be
calculated. There are several different approaches to calculate the mass transfer

constant.

In this thesis, Mackay & Matsugu method is used to determine mass transfer constant.
In Mackay & Matsugu method, mass transfer constant is formulized as a function of

wind velocity and pool areas given the equation:

In equation (9), K represents mass transfer constant (meter/hour), U is wind velocity
in meter/hours and X symbolizes pool diameter in meters. Regarding the information

given in Table 5.1, X is accepted as equal to the shortest side of the secondary
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containment which is 4,5 m. Schmidt number is assumed as 2.70 according to Mackay
& Matsugu (1973).

For calculation of mass transfer constant Hamoda formulation is also used. In Hamoda

and co-workers study, mass transfers constant, K, is given as:
K = 1.68 x 1075 (AP[°)?53 (T)180 g=0-1441 (35)

In equation (35), K represents mass transfer constant in cm/h, API° symbolizes

unitless density API parameter and T is temperature as degree Celsius.

Tkalin’s evaporation model is also used for mass transfer constant determination.
According to Tkalin’s evaporation model, mass transfer constant, K, in m/s, is

described as:
K=125U1073 (28)
Mackay & Wesenbeeck purposed an evaporation rate equation for dodecane as:
E=474xPxM (64)

In equation (64), E is the evaporation rate in pg/m?s, vapor pressure, P, is in Pascal

and molar weight is in g/mol.
4.4. Dispersion Model of JP-8

In this study, the Gaussian dispersion model is used as a dispersion model of oil
vapors. The air dispersion model takes into account the atmospheric conditions, type
of source and emission rate to calculate downwind concentrations. Oil vapors are

considered as transported by the prevailing wind at constant speed and direction.

The area of the spill is used as a ground-level, single and constant point source in the
air dispersion model. The emission rate is determined by the evaporation rate obtained
from the evaporation model. During the evaporation process, the evaporation rate is
thought to be constant. It is also assumed that the atmospheric turbulence is stationary
and homogeneous. Wind speed and direction are taken as constant during dispersion.
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Moreover, the mass of vapors is assumed to be preserved by reflection from the

ground.

The Gaussian dispersion model can be expressed as:

= sen (-2 e [ s em [

2MU0y 0y

In equation (52), C represents the concentration of the pollutant at a given point, Q
symbolizes the emission rate of the pollutant which is equal to the evaporation rate of
kerosene, u is the wind velocity. o,, signifies horizontal dispersion parameter and o,
is the vertical dispersion parameter which are both a function of x, downwind distance
and atmospheric stability class. h is the effective height. For chemical spillage,
effective height, h, is regarded as zero. Therefore, the Gaussian dispersion model can

be written as:

¢= Znu?ryaz exp (_ Zy2 >{exp [_ - )2] + exp [ %]} (65)

In this current work, dispersion parameters, o, and o, is determined according to

Pasquill’s method and Briggs formulation.

According to Pasquill’s atmospheric stability classes method, lateral and vertical
standard deviations are corresponding to atmospheric turbulence and wind speed.

Therefore, atmospheric stability class is chosen according to Table 2.14.

In this thesis, horizontal and vertical dispersion coefficients at the 100 m 200 m 300
m 400 m and 500 m of downwind distance from the source are calculated. Pasquill’s
horizontal and vertical dispersion coefficients are determined from Figures 2.22. and

2.23. respectively.

According to Briggs formulation, oy and o, can be expressed as:

ax
9y = @rvn)r (56)

ax (57)

0z = (1+ex)f
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In equation (56) and (57), a, b, c, d, e and f are experimental coefficients which are

chosen from Table 2.15. depending on meteorological and terrain data.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1. Results and Discussions for Evaporation Modelling

In evaporation modelling, it is necessary to calculate vapor pressure and mass transfer
constant. There are several different approaches for vapor pressure and mass transfer
constant calculation. Firstly, in this current thesis, four different model is applied for
vapor pressure calculation. Secondly, three different equations are used for mass
transfer constant determination. Finally, five evaporation models are applied to
calculate the evaporation rate of the JP-8 spill. All results are compared and most
suitable approaches are selected to be used in oil evaporation modelling regarding

physical and environmental conditions of the spill accident.
5.2. Vapor Pressure Calculation

In this current thesis, the vapor pressure of the JP-8 spill is calculated according to
Blokker’s, Fingas’, Jenkins’ and Tkalin’s model. Each model is used to obtain vapor
pressure of JP-8 spill at 30°C and vapor pressure line of kerosene versus varying
temperatures. The results of vapor pressure calculation are given in Table 5.1 and each

model application is discussed respectively.

Table 5.1. Vapor Pressure of Kerosene According to Various Models

Model Vapor Pressure mm Hg at 30 °C
Blokker 96,2842
Fingas 51,1439
Jenkins 6,5642
Tkalin 0,0109
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5.2.1. Blokker’s Model

In Blokker’s model, the molecular weight, M, heat of vaporization, AvapHO, and
constant value of 4.57 are used for vapor pressure calculation. In this current study,
oil is assumed as a single component fluid as kerosene and kerosene is considered
mainly equivalent to dodecane, C12H2e. However, in reality, JP-8 consists of several
compounds which have different molecular weights and heat of vaporization values.
This approximation can be seen as a disadvantage of Blokker’s vapor pressure
calculation. According to Blokker (1964), the Clausius-Clapeyron equation (3), vapor

pressure line versus temperatures between 0 °C and 60 °C is given in Figure 5.1.

i Vapor Pressure Line of Kerosene According to Blokker (1964)
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Figure 5.1. Vapor pressure line of kerosene according to Blokker

5.2.2. Fingas (2013) Model

In Fingas (2013) model, A,,, H°M/(4.57 Ts) was considered as a constant value which

is equal to 5. However, in practice, this assumption is not valid for every hydrocarbon.

Considering JP-8 which involves different types of hydrocarbons with different
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Ayap HOMI(4.57 Ts) ratios, this approximation can be considered as a drawback of the
model. According to Fingas (2013), equation (4), vapor pressure line versus

temperatures between 0 °C and 60 °C is given in Figure 5.2.

Vapor Pressure Line of Kerosene According to Fingas (2013)
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Figure 5.2. Vapor pressure line of kerosene according to Fingas (2013)

5.2.3. Jenkins (2008) Model

In Jenkins (2008) model, heat of vaporization and gas constant is used for the vapor
pressure equation. In this study, since JP-8 is regarded as pure kerosene, heat of
vaporization of kerosene is used in calculation. Yet, JP-8 consists of different types of
compounds with different heat of vaporization values. This fact can be thought as the
downside of the model. According to Jenkins (2008), equation (7), vapor pressure line

versus temperatures between 0 °C and 60 °C is given in Figure 5.3.
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Vapor Pressure Line of Kerosene According to Jenkins (2008)
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Figure 5.3. Vapor pressure line of kerosene according to Jenkins (2008)

5.2.4. Tkalin’s Model

In Tkalin’s model, the boiling point of the oil product is used for vapor pressure
calculation. In this work, JP-8 is regarded as pure kerosene and the boiling point is
taken as 192 °C. In practice, the boiling point of the JP-8 can be different from the
boiling point of kerosene. This assumption can be regarded as the negative side of the
model. In addition, the pressure values obtained from the Tkalin model look very low
compared to other models. Therefore, Tkalin’s model is not suitable for evaporation
modeling of the JP-8 spill. According to Tkalin’s model, equation (25) and (26), vapor
pressure line versus temperatures between 0 °C and 60 °C is given in Figure 5.4.

b Vapor Pressure Line of Kerosene According to Tkalin’s Evaporation Model
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Figure 5.4. Vapor pressure line of kerosene according to Tkalin’s Evaporation Model
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5.3. Mass Transfer Constant Calculation

In this current work, the mass transfer constant of kerosene is determined according
to Mackay & Matsugu, Tkalin’s and Hamoda’s model. Each model is applied to mass
transfer constant calculation at spillage conditions. Mass transfer constant variation
graph is drawn with respect to different wind speeds and temperatures. The results of
mass transfer constant calculations are given in Table 5.2 and the results of each model

are discussed separately.

Table 5.2. Mass Transfer Constant of Kerosene According to Various Models

Mass Transfer

Model
Constant m/s
Mackay & Matsugu 0,0084
Tkalin 0,0075
Hamoda 0,0021x10°®

5.3.1. Mackay & Matsugu Formulation for Mass Transfer Constant

In Mackay & Matsugu formulation, mass transfer constant is correspondent to wind
velocity, pool diameter and Schmidt number. As wind velocity increases mass transfer
constant also increases. Mackay & Matsugu formula yields K values similar to Tkalin
model. According to Mackay & Matsugu formulation, equation (9), K values versus

various wind velocities are given in Figure 5.5.
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Figure 5.5. Mass Transfer Constant vs. Wind Speed According to Mackay&Matsugu (1973)

5.3.2. Hamoda Formulation for Mass Transfer Constant

In the Hamoda formula, mass transfer constant depends on API° density and
temperature. API° value is chosen as 44 which is the average of minimum and
maximum acceptable API° density values at 60 °F given in Table 8. However, the
evaporation rate is calculated at 30 °C. This acceptance is the shortcoming of the
model. Moreover, the results of the mass transfer constant formula are very low
compared to other models. As a result, Hamoda formulation for mass transfer constant
calculation for oil JP-8 spill evaporation modeling is not significant. According to
Hamoda formula, equation (35), mass transfer constant versus temperatures between
0 °C and 60 °C is given in Figure 5.6.
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Mass Transfer Constant vs. Temperature According to Hamoda et al. (1989)
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Figure 5.6. Mass Transfer Constant vs. Temperature According to Hamoda et al. (1989)

5.3.3. Tkalin’s Formulation for Mass Transfer Constant

Tkalin’s formula for mass transfer constant calculation is very simple. In Tkalin’s
model, mass transfer constant is only correspondent to wind velocity. In the model,
mass transfer constant increases as wind velocity increases. The mass transfer constant
values found by Tkalin’s model is very similar to mass transfer constant values of
Mackay and Matsugu. According to Tkalin’s evaporation model, mass transfer

constant, K, in m/s, versus wind speed graph is given in Figure 5.7.
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Figure 5.7. Mass Transfer Constant vs. Wind Speed According to Tkalin’s Evaporation Model

5.4. Evaporation Calculation

In this study, the evaporation rate of the JP-8 spill is calculated according to Stiver
and Mackay, Mackay and Wesenbeeck, Brighton, Tkalin and empirical equation
model. Five models are used to determine the evaporation rate at spill condition.
Evaporation rates are given in Table 5.3 and each evaporation model is argued

respectively.

Table 5.3. Evaporation Rate of JP-8 spill According to Various Models

Model Evaporation Rate kg/s
Stiver and Mackay 1,4366
Brighton 3,5722
Tkalin 97,3526
Mackay and Wesenbeeck 0,044

5.4.1. Stiver and Mackay Evaporation Model

In Stiver and Mackay evaporation model, the evaporation rate is related to mass
transfer constant, spillage area and vapor pressure. Mass transfer constant is

determined by Tkalin’s model. The vapor pressure of the JP-8 spill is calculated by
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the Clausius-Clapeyron equation given in Jenkin (2008). The evaporation rate
obtained by Stiver and Mackay model is more lower than Brighton and Tkalin
evaporation models. Still, the heat of vaporization assumption of JP-8 can be different
from the value in practice. Additionally, JP-8 consists of several hydrocarbons so it is
expected that the evaporation rate is not a constant value. At the beginning of the spill,
more volatile hydrocarbons are expected to evaporate in high rates than less volatile
hydrocarbons evaporate slowly. Therefore, the JP-8 evaporation rate is expected to

decrease eventually.

5.4.2. Tkalin’s Evaporation Model

In Tkalin’s evaporation model, the evaporation rate is dependent on mass transfer
constant, molecular weight, vapor pressure, the amount of component and
temperature. Tkalin’s mass transfer approach results in sensible values. On the
contrary, Tkalin’s model for evaporation rate yields very high results for the JP-8 spill.
Additionally, the molecular weight of kerosene is considered similar to dodecane
however JP-8 consists of several hydrocarbon components. This weakness of the
model causes the model to yield very high evaporation rates. Additionally, Tkalin’s
model gives a constant evaporation rate for the JP-8 spill. Though, the JP-8
evaporation rate is expected to decrease as time increases. Thus, Tkalin’s evaporation

model is not appropriate for JP-8 spill evaporation modelling.

5.4.3. Brighton’s Evaporation Model

In Brighton’s evaporation model, the evaporation rate depends on mass transfer
constant, saturated vapor concentration at pool surface, wind velocity and pool
diameter. Mass transfer constant is calculated by Tkalin’s equation. Saturated vapor
concentration is dependent on the molecular weight and saturated vapor pressure of

kerosene. Saturated vapor pressure, which is determined by Jenkin’s model, is
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proportional to the heat of vaporization. In this current work, assumed molecular
weight and heat of vaporization values of JP-8 can be different in practice since JP-8
consists of many different compounds. In addition, Brighton’s model yields a constant
evaporation rate which is not desired for oil evaporation modelling. These
assumptions can be seen as the handicaps of Brighton’s evaporation model. Thus,

Brighton’s evaporation model is not appropriate for JP-8 spill evaporation modelling.

5.4.4. Evaporation Modelling with Empirical Equation

In the empirical equation model, the evaporation rate is dependent on temperature and
time. According to the empirical evaporation equation, until the end of cleaning up of
JP-8 spill 40,7820% of the total amount of spillage evaporated which equals an
amount of 1.879,2345 kg. Evaporation rate decreases logarithmically and the highest

evaporation rate is obtained as 2,0074 kg/s in the third minute after the spill.

In reality, it is expected for the evaporation rate of JP-8 spill to decrease as time elapses
since more volatile hydrocarbons evaporate first and less volatile hydrocarbons
evaporate more slowly. Thus, the result of the empirical equation model is realistic.
However, in evaporation calculation, diesel long term empirical equation is chosen.
This assumption can be seen as a drawback for the model. It would be more accurate
to determine specific empirical equation for JP-8 evaporation calculation.
Additionally, emission rate is constant in vapor dispersion modelling. Therefore, a
constant evaporation rate is needed to be used in dispersion model. Percentage
evaporated and evaporation rate versus time graphs according to the empirical

equation model is given in Figure 5.8 and Figure 5.9 respectively.
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Percentage Evaporated vs. Time According to Empirical Equation, Fingas (2013)
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Figure 5.8. Percentage Evaporated vs. Time According to Empirical Equation

5 Evaporation Rate vs. Time According to Empirical Equation, Fingas (2013)
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Figure 5.9. Evaporation Rate vs. Time According to Empirical Equation

According to the empirical evaporation model, evaporation percentage and

evaporation rate of JP-8 spill at various minutes are given in Table 5.4.
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Table 5.4. Percentage Evaporated and Evaporation Rate at Various Time After Spill

_ Percentage g, o horation
t (minutes)  Evaporated Rate kg/s
%
2 4,9560 1,8998
3 7,8551 2,0074
4 9,9120 1,8998
8 14,8680 1,4249
17 20,2575 0,9136
22 22,1010 0,7702
33 25 0,5808

5.4.5. Mackay and Wesenbeeck Evaporation Model
Mackay and Wesenbeeck purposed an evaporation rate equation for dodecane as:
E=474xPxM (64)

In equation (64), E is the evaporation rate in pg/m?s, vapor pressure, P, is in Pa and
molar weight is in g/mol. The molecular weight of dodecane is 170 g/mol and vapor
pressure is 18,9763 Pa at 30 °C.

In Mackay and Wesenbeeck model, evaporation is correspondent to the molecular
weight and vapor pressure of dodecane. The vapor pressure of dodecane is calculated
by the Clausius-Clapeyron equation of Jenkins (2008). Saturated vapor pressure,
which is determined by Jenkin’s model, is proportional to the heat of vaporization. In
this study, the assumed molecular weight of dodecane and heat of vaporization values
can be a different value than JP-8 since JP-8 consists of several compounds. In
addition, Mackay and Wesenbeeck model yields a constant evaporation rate which is
the lowest value for oil evaporation modelling. These assumptions are the negative

side of the Mackay and Wesenbeeck model.
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In literature, there are oil evaporation models concerning about oil spills at sea and
on soil. Wind has an mixing effect on oil spills at sea. On the other hand, in case of oil
spill on soil, oil is absorbed by soil. These cases have an effect on evaporation rate of

oil spill. However, these situations are not the concern for this current study.

Tkalin proposed an evaporation model for oil spills at sea. Oil spills at sea forms a
thin layer on sea surface. In Tkalin’s model, evaporation rate is correspondent to spill
amount. Therefore, all oil spill is subject to evaporation process. Yet, it is not the case
for oil spill accident in this study. In empirical equation model, evaporation rate
decreases logarithmically with time. However, in dispersion model it is needed to use
a constant evaporation rate. In Brighton model, evaporation rate calculation is derived
from the water evaporation model. In water evaporation, characteristics of the air layer
above the water surface has an effect on evaporation rate. Though, in oil evaporation,
evaporation rate is not affected by air boundary layer. Oil has different evaporation
mechanism from water. In Stiver and Mackay’s model, evaporation rate of oil is
dependent to vapor pressure. On the other hand, in Mackay and Wesenbeeck’
evaporation model, evaporation rate is correspondent to vapor pressure and molecular
weight but not only vapor pressure. This approach increases the prediction accuracy

for evaporation rate of the spilled substance.

In vapor dispersion modelling, Mackay and Wesenbeeck equation method is used to
calculate vapor concentrations as emission rate since it is considered as the best

suitable, easiest and most accurate approach.

5.5. Results and Discussions for Dispersion Modelling

In dispersion modelling, it is important to determine horizontal dispersion coefficient,
oy, and vertical dispersion coefficient, ;, according to downwind distance. Two
different methodology is used for dispersion coefficient determination. Results of two
methodologies are compared. After that, JP-8 vapor concentration dispersion is

calculated by using the Gaussian dispersion model.
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5.5.1. Determination of 6y and 6: According to Pasquill’s Atmospheric Stability
Classes Method

In consideration of the information given in Table 4.1, insolation is slight and the wind

velocity is 5 m/s, atmospheric stability class is determined from Table 5.5 as D.

Table 5.5. Key to Stability Categories

Surface Insolation Night
wind Thinly
spleoe (;in()at Strong | Moderate | Slight O;Z;gei;[vgr (:Slgl/jii

m/sec cloud
<2 A A-B B - -
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D E

For comparison of two methodologies, dispersion coefficients at the 200 m 200 m 300
m 400 m and 500 m of distance away from the source is calculated. According to
Pasquill’s method horizontal and vertical dispersion coefficients are determined from

Figures 5.10 and 5.11 respectively.
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According to Pasquill’s dispersion coefficient estimation model, o, and g, is

determined as in Table 5.6 given below:

Table 5.6. 0, and o, Values According to Pasquill’s Model.

Downwind
Distance, X (m) oy (M) 6z (M)
100 8 5.5
200 16 95
300 24 14
400 31 18
500 39 21

In Pasquill’s model, o,, and o, values are determined by just looking at the graphs and

selected manually. This approach can lead to some accuracy errors in the
determination of dispersion coefficients.

5.5.2. Calculation of ey and 6: According to Briggs Formulation

The stability class is determined as D and the terrain is rural. Therefore, experimental
coefficients of Briggs formula, a, b, ¢, d, e and f can be determined from Table 5.7 as
0.08, 0.0001, 0.5, 0.06, 0.0015 and 0.5 respectively.
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Table 5.7. Experimental coefficients determined by Briggs

Rural

oy oz
Stability Class a b c d e f
A 0.22  0.0001 0.5 0.2 0 -
B 0.16 0.0001 05 0.12 0 -
C 011 0.0001 05 0.08 0.0002 0.5
D 0.08 0.0001 0.5 0.06  0.0015 0.5
E 0.06  0.0001 0.5 0.03  0.0003 1
F 0.04  0.0001 0.5 0.016 0.0003 1
Urban

Oy Oz
Stability Class a b c d e f
A-B 0.32  0.0004 0.5 0.24 0.0001 -05
C 0.22 0.0004 05 0.2 0 -
D 0.16 0.0004 05 0.14 0.0003 0.5
E-F 0.11  0.0004 0.5 0.08 0.0015 0.5

According to Briggs dispersion coefficient formula, o, and o, is determined as in

Table 5.8 given below.
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Table 5.8. o, and o, Values According to Briggs Formula

Downwind
Distance, x (m) oy (M) oz (M)
100 7.9603 5.5950
200 15.8424 10.5247
300 23.6479 14.9482
400 31.3786 18.9737
500 39.0360 22.6779

The comparison of the g, and o, values obtained from Paquill’s and Briggs’ model

are given in Table 5.9.

Table 5.9. Comparison of o, and o, Values According to Briggs Formula and Pasquill’s Method

oy (M) oz (M)
Downwind g i
Distance, x (m) _ ) )
Briggs Pasquill Briggs Pasquill’s
100 7.9603 8 5.5950 55
200 15.8424 16 10.5247 9.5
300 23.6479 24 14,9482 14
400 31.3786 31 18.9737 18
500 39.0360 39 22.6779 21

According to Table 5.9, it can be seen that Pasquill and Briggs’ models result in close

values for g, and a,. Therefore, both approaches can be used in oil vapor dispersion

models.
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5.5.3. Application of Gaussian Dispersion Model

In dispersion modelling, emission source is assumed as ground level point source.
Gaussian Dispersion modelling is conducted by gaussianPlume MATLAB code which
is provided by Bien (2009).

In the Gaussian dispersion model, the distribution of JP-8 vapor concentration is
correspondent to emission rate, wind velocity, horizontal and vertical dispersion
coefficients. JP-8 vapors are dispersed through prevailing wind direction and diluted
as carried away from the source. The concentration distribution of JP-8 vapors is

Gaussian in the horizontal and vertical axis.

In order to determine the concentration levels of JP-8 vapors in the spill area, the
evaporation rate of the JP8 spill is taken as the emission rate in the dispersion
modeling. According to dispersion modeling, contour plots of the vapor concentration

of JP-8 regarding the spill accident scenario are given in Figure 5.12.

According to Figure 5.12, the vapor concentration of the JP-8 spill exceeds 7000 ppm
in a region of just below 0,4 meter height and up to 3 m downwind distance from the
source. Additionally, the vapor concentration of JP8 exceeds 30 ppm, TLV-TWA
value for kerosene, in a region of just below 2,6 meters height, up to 3,8 meters in both
vertical sides and up to 55 m downwind distance from the source in the prevailing

wind direction.

In Figure 5.12 it can be seen that flammable vapor concentration in the air reaches the
lower explosive limit (LEL) which is 0,7% by volume, 7000 ppm, in the air for
kerosene. Therefore, the explosive zone is formed and can be ignited by any kind of
ignition source. On the other hand, kerosene concentration exceeds the TLV-TWA
value of 30 ppm for a distance of 55 m from the spill in the wind direction. Also, vapor
concentration is well above the odor threshold of kerosene, 0.1 ppm, until 100 meters

away from the spill in the wind direction.
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5.6. The Effect of Amount of Spill and Spillage Area

In Mackay and Wesenbeeck model, the evaporation rate is given as units of pg/m?s.
Therefore, the spillage area has an effect on the evaporation rate. According to Mackay
and Wesenbeeck evaporation equation, evaporation rate raises as the area of spill

increases.

In the empirical equation, the evaporation rate is correspondent to temperature and
time. Therefore, the amount of spill and spillage area has no effect on the dispersion

of the vapor concentration of the JP-8 spill.

Additionally, in the Brighton model, the evaporation rate is correspondent to pool
diameter. As pool diameter increases evaporation rate also increases. On the other
hand, in Stiver and Mackay model, the evaporation rate is in direct correlation with

the amount of spilled fuel and the spillage area.

Furthermore, in Tkalin’s model, the evaporation rate is dependent on the amount of
spill. As the amount of spill increases evaporation rate also increases. Accordingly,

higher evaporation rates result in higher JP-8 vapor concentration in the ambient air.

In case of constant spill area, such as spill into secondary containment pool, the
amount of spillage does not affect the evaporation rate. On the contrary, in the case of
open ground spillage, the spillage area is dependent on various factors such as the
shape of the surrounding terrain and the amount of spill. On flat terrain, a bigger
amount of spill causes liquid material to spread wider area so spill area increases as
the amount of spill increases. In this study, the spillage area is constant and the amount

of spill has no effect on the spillage area because of the secondary containment pool.

5.7. The Effect of Temperature

Temperature is an important parameter in evaporation calculation. In the empirical
equation model, the evaporation rate is directly proportional to temperature.
According to the empirical equation, in high temperatures, the percentage of

115



evaporation of the liquid substance will be higher. As a result, as temperature

increases, the evaporation rate also increases.

Mackay and Wesenbeeck evaporation model is directly proportional to vapor
pressure. The vapor pressure of a substance is dependent on temperature. As
temperature increases, vapor pressure also increases. Therefore, temperature has an

important effect on the vapor concentration of JP-8.

In dispersion modelling, the evaporation rate is taken as the emission rate of JP-8
vapors from the spillage. According to the Gaussian dispersion model, the vapor
concentration of JP-8 is directly proportional to the emission rate of vapors from the
spill. As a result, JP-8 vapor concentration in the air also increases as temperature

increases.

In order to see the effect of temperature on JP-8 vapors dispersion, dispersion model
is carried out at 10 °C and 40 °C ambient temperature. Results of JP-8 vapor dispersion
model for 10 °C and 40 °C is given in Figure 5.13 and Figure 5.14 respectively.
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Figure 5.13. Vapor Concentration vs. Downwind Distance at 10 °C Temperature
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5.8. The Effect of Wind Speed in The Open Air

In the empirical equation model, the wind has no effect on the evaporation rate.
However, in Tkalin’s model, wind speed is used for mass transfer constant calculation.
According to Tkalin’s model, mass transfer constant increases with higher wind speed

values.

In Stiver and Mackay evaporation model, the evaporation rate is directly proportional
to mass transfer constant. In Stiver and Mackay model, mass transfer constant is
calculated according to Tkalin’s model. Since mass transfer constant is directly
proportional to wind velocity, an increase in mass transfer constant results in an
increased evaporation rate. On the contrary, in Mackay and Wesenbeeck evaporation

model, evaporation rate is independent of wind speed.

In dispersion modelling, as wind speed increases the JP-8 vapors disperse to more
distant location which causes lower values in concentration. On the other hand, in low
wind speed conditions, JP-8 vapor concentration is not diluted and reaches up to very
high concentration. Therefore, wind speed has a major effect on vapor concentrations
in dispersion modelling. Figures 5.15 and 5.16 show the vapor concentrations

distribution in downwind distance at 0.5 m/s and 6 m/s respectively.
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5.9. The Effect of Atmospheric Stability Class

The stability of weather increases from A class to F class. The most unstable weather
condition is A class, on the other hand, the most stable weather condition is F class.
In the Gaussian dispersion model, vapor concentrations are reversely proportional to
dispersion coefficients in both vertical and horizontal directions. In the unstable
weather condition, the JP-8 vapors disperse more in both vertical and horizontal
direction which causes lower vapor concentration. In contrast, in stable weather
conditions, dispersion will be lowered and concentation of JP-8 vapor is observed in

higher values.

5.10. The Effect of Land Characteristic

Land characteristic has an important effect on the dispersion of chemical vapors.
Structures on terrain can cause alteration in wind pattern which results in a change in

atmospheric stability.

As building height increases, wind moves upward direction causing an increase in
dispersion of JP-8 vapors. Therefore, in urban terrain, the vapor concentration of JP-

8 will be at lower levels.

5.11. Model Accuracy and Limitations

In this current thesis, two main models are used for the dispersion modelling of JP-8
vapors. Firstly, the evaporation rate of JP-8 is determined then the dispersion of JP-8

vapors is calculated.

In evaporation modelling, the vapor pressure of JP-8 is calculated according to a single
component liquid evaporation. However, in reality, JP-8 consists of many different
components. As the more volatile material evaporates first, the liquid composition will

change with time. As a result, the rate of evaporation will fall as evaporation proceeds.
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Still, in this work, the evaporation rate is assumed as constant for four evaporation

models.

In mass transfer constant calculation according to Tkalin’ model, wind speed is
considered as constant. However, wind speed can vary during the evaporation process

which causes evaporation rate to fluctuate.

Additionally, the latent heat of vaporization varies with temperature. However, in this
study, the heat of vaporizations is taken as the value obtained from the kerosene

boiling point at 1 atm.

Furthermore, in this current study, it is assumed that there is no heat transfer occurs
between the oil, atmosphere and ground. Since oil temperature determines the vapor
pressure of kerosene, the evaporation rate of JP-8 will also be affected. In order to
obtain accurate evaporation modelling, it is very important to take heat transfer into

consideration.

In this current work, it is also assumed that the atmospheric turbulence is stationary
and homogeneous. Wind speed and direction are taken as constant during dispersion.
However, this assumption is not possible in practice. Atmospheric turbulence, wind
speed and direction change continuously which makes impossible to obtain accurate

dispersion prediction.
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CHAPTER 6

CONCLUSION

Evaporation and dispersion modelling of oil spills is a very challenging subject. There
are many different models with some pros and cons. Every model can give different
results depending on the chemical and physical conditions of the oil spill. So, there is
no best model for evaporation and dispersion calculation of oil spillages. The most
important point in evaporation and dispersion estimation is to choose the most suitable
model according to the incident scenario. If appropriate evaporation and dispersion
model is applied to the oil spills, the vapor concentration prediction can be done

accurately. Otherwise, unrealistic modeling results can be encountered.

In mass transfer constant calculation, in contrast to Hamoda formula, Mackay and
Tkalin approaches yield almost similar results. Hamoda formula for mass transfer
constant calculation results in very low values compared to other models. Therefore,
Mackay and Tkalin model for mass transfer calculation is suitable for oil spill
evaporation modeling. Especially, Tkalin formulation for mass transfer constant is

very easy to apply if wind speed is known.

For vapor pressure calculation, four different vapor pressure calculation method is
applied to the spill of JP-8. Blokker, Fingas and Jenkins models are based on the
Clausius-Clapeyron equation expect from Tkalin’s model. Tkalin’ model for vapor
pressure calculation yields very low values. Therefore, Tkalin’s model is not suitable
for vapor pressure calculation in JP-8 spill evaporation modelling. On the other hand,
Blokker, Fingas and Jenkins models yield more realistic results. Blokker model gives
the highest value for vapor pressure, then Fingas and Jenkins models come
respectively. Since it is widely used and easy to apply, the Jenkins model is preferable

for vapor calculation in JP-8 spill evaporation modelling.
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In evaporation modelling, Stiver and Mackay, Brighton, Tkalin, empirical model and
Mackay and Wesenbeeck model are used. Tkalin’s model results in very high values
so it is not applicable for JP-8 spill evaporation modelling. In contrast, Stiver and
Mackay, Brighton and empirical models yield acceptable evaporation rates. Brighton
model gives the highest evaporation rate for JP-8 evaporation, then Stiver and Mackay
and empirical method come respectively. The empirical equation gives logarithmic
curvature for the evaporation rate. However, in dispersion modelling, the emission
rate is needed to be constant. Since Mackay and Wesenbeeck model is easy to apply

and has higher accuracy, it is superior for evaporation modelling of JP-8 spill.

For vapor dispersion calculation, the Gaussian dispersion model is used. In the
Gaussian dispersion model, vapor concentrations have Gaussian distribution along the
horizontal and vertical axis. By using the Gaussian dispersion model, the variation of
vapor concentration from the maximum value to minimum value can be drawn as
contour plots. Also, the vapor concentration of the JP-8 spill can be specified at a
particular point in the downwind and crosswind position at a given time. According
to the Gaussian dispersion model, the highest vapor concentration is obtained in the

centerline of downwind direction where y is equal to zero.

According to JP-8 spill dispersion modelling, in the horizontal axis, the highest vapor
concentration reaches 200 ppm at a distance of 2 meters for both sides. Additionally,
the risk for the toxic health effect of JP-8 appears until 55 meters away from the spill
in the wind direction. After 55 meters away from the spillage, vapor concentrations
drop below 30 ppm which is TLV-TWA for kerosene. In the vertical axis over the
spill point, vapor concentrations exceed 7000 ppm which is LEL for kerosene.
Consequently, an explosion can occur in the presence of an ignition source in the
explosive zone. Furthermore, vapor concentration is well above the odor threshold of

kerosene, 0.1 ppm, more than 100 meters away from the spill in the wind direction.

In conclusion, the Gaussian dispersion model can be useful for determining the risk

level and possible outcomes of oil spill accidents. It is helpful to establish safe
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operations in the aviation sector by clarifying the extent of hazards, understanding the
level of the risk of spill accidents. Additionally, it helps to predict the range of
explosive zone. Furthermore, evacuation zones can be declared in emergency response
plans for immediate evacuation during the spill accident. Therefore, by this current
study, ways of fast and efficient response to the oil spills can be determined and
adverse health effects of an oil spill to the public can be minimized in the aviation

sector.
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CHAPTER 7

RECOMMENDATION

The main objective of the present work is to estimate the possible safety risks of the
JP-8 spill in the aviation sector. In order to evaluate possible outcomes of JP-8 spill
accident, evaporation and dispersion models are used. By using these models, the area
affected by the spill is revealed and the level of adverse effects is determined.
However, the models which are used in this current work have several limitations and
assumptions. The accuracy of evaporation and dispersion models can be decreased by

model limitations and assumptions.

In evaporation modelling, JP-8 is assumed as a pure substance which consists of
kerosene. Additionally, kerosene is assumed to have some similar molecular
properties with dodecane. In the evaporation rate calculation, the empirical
evaporation equation of dodecane is used. These assumptions lower the accuracy of
evaporation modeling. It is well-known that JP-8 contains many different chemicals
with different chemical and physical properties. In future studies, for obtaining more
accurate evaporation modelling results, the evaporation equation for JP-8 can be
determined empirically.

There are various different evaporation and dispersion models. Different models
should be applied to model dispersion of the JP-8 spill. So, the results of different
models can be compared and the most suitable approach can be decided more

accurately.

Evaporation and dispersion models requires a lot of data input and include complex
numbers for calculation. It can be useful to use computer programs for easily

predicting the concentration of chemical vapors emitted from the spill accident. So
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that, important information can be obtained for the emergency response team for

understanding the level of the hazard and for clarifying the evacuation zone.

In the aviation industry, lots of chemicals are used in production and flight lines in
huge amounts. Because of this reason, similar modelling studies should be conducted
for other hazardous chemicals for assessment of safety risks and for determining safety

measures.

Spill accidents can happen in different climate conditions. Evaporation and dispersion
modelling should be conducted for different atmospheric conditions. Therefore, the

emergency response plan can be determined according to the worst-case scenario.

According to the dispersion model, within the area of 55 m radius from the oil spill,
buildings involving employees are needed to be evacuated immediately and entrance
to the spill area should be forbidden after the spill. TLV-TWA of kerosene is 30 ppm
and exposures above the TLV-TWA should not be allowed more than 15 minutes

otherwise adverse health effects can be observed.

In order to conduct safe fueling operations, safety instructions should be declared to
the operators. Necessary training should be given to operators. Operators without
training and knowledge should not be allowed to work at fueling stations. Operators
should be provided a dead man control unit in order to stop fueling operation in case
of emergency. Warning sign for explosive zone and static grounding should be present
at the station. Emergency phone numbers should be known by the operators and the
emergency call numbers should be hanged in the fuel station. Emergency response
plans should be documented and declared to operators. The emergency response team
should be determined, roles and responsibilities should be declared to team members.
Evacuation drills should be conducted regularly in the buildings close to the fueling

station.

During the fueling operations, access to the fueling areas should be limited. The fire
department should be noticed before the fueling operations and should be present at

the station during fueling. Fire extinguishers should be provided to the fuel station in
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enough numbers. Fire alarm and smoke detection systems should be installed to fuel
station. For early response, hydrocarbon sensors detecting vapor concentrations can
be also installed to the fueling station. Also, installation of automatic blockage valves

for shutting the system down in case of system failure can prevent leakage.

The area where spill can occur and explosive zone can be formed, should be colored
to attract the attention of operators. In this zone, access to ignition sources should be
forbidden. In order to discharge static electricity, grounding plates should be replaced
at the fueling station. The outwear of operators should be made of antistatic material
to prevent static charging in the explosive zone. During fueling operation, aircraft and

fuel tanks should be connected and grounded.
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