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Abstract

Highly flammable hydrocarbon liquids are involved in a high percentage
of building fires, whether those fires are accidental or incendiary in origin. Their
mere presence is often taken as proof of a particular fire cause by some
investigators despite their limited knowledge of the behaviour of the vapours
from these fuels ag they spread and diffuse. They are sometimes assumed to
vaporize completely and instantly upon exposure and to diffuse uniformly
through any compartment. The available models address large scale spills in
ambient conditions of sun and wind, which do not apply to typical building fires.
This study addressed the problem of modelling the spread of vapours from
small-scale (less than four litre) spills of highly flammable liquids by means of
a series of overlapping and complementary experiments, all of which dealt with
the conditions found in most interior building fires (moderate temperatures,
still air, and no sun).

It was determined that the surface area produced by a given quantity of
liquid could be predicted for smooth, flat floors whose surfaces could be
classified as non-porous (vinyl or painted wood), semi-porous (unfinished
concrete or wood), or porous (carpet or sand). The type of surface also
controlled the evaporation rate (per unit area of the pool). Evaporation rates
from surfaces such as carpet saturated with pentane were 1.5 times the rate
for a free-liquid pool at the same temperature. A granular substrate such as
sand produced a pentane evaporation rate twice that of a pentane liquid pool.
This effect is not related to the roughness of the surface itself, but rather to
the capillary drive within the matrix. Such a drive is stronger for granular
matrices with a small void space (high packing density) and lower for those

with larger void space.
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The size of the pool also controls the evaporation rate (the mass loss
rate per unit surface area). Smaller pools (0.05 — 0.1m diameter) exhibit much
higher rates than do the larger ones (0.3m) in this study. This is due to the
enhanced evaporation due to lateral flow of vapours from the edges of the
pools. Larger pools have a large central quiescent area that does not
contribute to the overall evaporation. Smaller pools have no such quiescent
area and a higher initial rate. There are also predictable losses due to pouring
and splashing of volatile fuels that are closely related to the vapour pressure of
the liquid involved.

Vertical diffusion of n-pentane and hexane vapours is very slow when
the vapours are being generated by evaporation from a pool. The heat lost to
evaporative cooling results in a pronounced thermal gradient in the
atmosphere above a pool that suppresses the vertical diffusion. The diffusion
rates of pentane, hexane, and octane vapours can be predicted and the height
at which an ignitable vapour/air mixture is present can be calculated. The
vapours also exhibit a pronounced advective flow which spreads the vapours in
a viscous, laminar fashion. The spread rate of this advective flow can be
calculated and agrees well with experimental data.

The evaporation of n-pentane, hexane, and n-octane were found to be
predictive of the evaporative behaviour of petrol and camping fuels, two of the
consumer products more commonly encountered in fires. Petrol, with its high
concentration of pentane-like hydrocarbons, evaporates at the same rate as
does n-pentane, at least for the first 10 — 15min. Camping fuels are dominated
by hexanes and their evaporative behaviour is very similar to that of the

hexane studied in detail here. Octane contributes very little combustible



vapour at typical room temperatures due to its very low evaporation rates
at these temperatures.

The behaviour of the flame propagation in vapour/air mixture layers
is predictable. Layer ignition is found to produce some characteristic
features that may be observed by a witness to the fire or that may produce
burn patterns that survive the fire to be found by a diligent investigator.
Unfortunately, estimates of the quantity of flammable liquid present and
its distribution prior to the fire cannot be reliably made by examination of
the burn patterns on carpet or floors after the fire, particularly if the fire
was not suppressed for some time after ignition.

Finally, an operational model based on these findings is offered for the
use of fire investigators. This model, while limited to incidents in closed
compartments with no mechanical ventilation and limited activity, offers a
means by which the physical distribution of ignitable vapours can be
predicted as it varies with time. This enables the investigator to explore the
viability of various hypotheses about the quantity and distribution of
flammable liquids prior to a fire, the relative location (both vertical and
horizontal) of a potential ignition source, and, most importantly, the time
factors involved in the evaporation of a flammable liquid and distribution of

1ts vapours.
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Glossary

Advection: the horizontal transport (viscous flow) of vapours as a result of their

density

Arson: the act of deliberately lighting a fire with malice and specific criminal
intent; wilful fire raising with malice

Camping fuel: a straight-run naphtha fraction of petroleum distillation,
typically ranging from n-pentane to n-undecane in range, flash point =~~30°C

Evaporation rate: the rate at which volatile liquid is being lost from a pool or

matrix per unit area (typically measured in g/min/m2)

Flammable liquid: any ignitable liquid with a flash point (Tag closed cup) of 38°C

or less, used here to describe most of the hydrocarbon fuels of interest

Highly flammable liquid: any ignitable liquid with a flash point below 32°C
(U.K)

Ignitable liquid: any volatile fuel with a flash point of less than 93°C (fuels

categorized as either flammable or combustible liquids)
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Mass loss rate: the rate at which volatile liquid is being lost from a pool or a

matrix (typically measured in g/min)

Matrix: the combination of an substrate and the actively-evaporating liquid

Petrol;: automotive motor fuel; automotive gasoline, a complex blend of alkanes,

cycloparaffinic compounds, and aromatics, flash point below —40°C

Substrate: the absorptive material from which a volatile liquid can be

evaporated



Key to Symbols Used

a = constant in Antoine relationship

A = constant in Wade

Ay = rate of absorption across surface

¥

A = proportionality constant
b = constant in Antoine relationship
B = release rate

¢ = constant in Antoine relationship
Co=initial concentration

Cga = concentration of species a

Cm = maximum molar concentrai;ion
Cp = specific heat capacity

d = depth of pool

D = diffusivity

e = base natural logarithm

A = buoyancy factor

ed = evaporation rate in draught

es = evaporation rate in still air

E = constant in Antoine relationship
E 4 = evaporation rate per unit area

Et = total evaporation rate

F = constant in Antoine relationship
g = acceleration due to gravity

Ga = amount of gas absorbed

xiv



'Ge = concentration of gas

h = heat transfer co-efficient

H¢ = heat of combustion
Hy = heat of vaporization

J = mass diffusion rate

km = mass transfer co-efficient

k = thermal conductivity
K = draft parameter

L =leakage rate

m = mass

M = molecular weight

N = number of moles

n = constant

p = vapour pressure

Po = equilibrium vapour pressure

P = pressure

Ps = suction potential (capillarity)
Q = heat flux |

q = heat flux

r =radius

ro = radius at time zero

R = gas constant
s = shape factor
S = speed of propagation of flame front

Sc = Schmidt number

t = time



T = temperature

u = average wind speed

U = overall (system) heat transfer co-efficient
v = velocity

V = volume

w = release rate

V.D. = vapour density

x = downwind dimension of rectangular pool

X = mole fraction *

y = cross-wind dimension

z = distance from surface

o = Stefan-Boltzmann constant

A = buoyancy

€ = emissivity

K = von Karman constant

Q = complex function defined by turbulent flow
I =complex gamma function

p =density

w = kinematic viscosity

0‘ = conduction/convection balance factor
§ = constant

X = packing factor

1 = surface tension

Y} = expansion factor

Note: The letter A preceding a Table or Figure number denotes location in
Appendix A

xvi



INTRODUCTION

Section 1



1.1 Nature of Fire Losses Involving Flammable Liquids

1.1.1 Flammable Liquids in Accidental Fires

Fires involving flammable liquids constitute a significant problem for
the fire service — both in their suppression and their investigation. Some of
these fires are accidental, involving pre-existing pools of liquid (either in short-
term storage or in use) in industrial or commercial situations. Some of them
involve spills from leaks in pipes or tanks, overturned containers, structural
failures, or even vehicular collisions. Because of the quantities of fuels
involved, the extension of ignitable vapours into contact with ignition sources
sometimes remote from the spill itself, and the intensity of the fire once
ignited, these situations are very dangerous to the public and to responding
fire service or emergency personnel and are very destructive to any
residence, factory, store, or vehicle involved. The Fire Protection Association,
for instance, reported that in 1992, of a total of 64,581 reported dwelling fires
in the U.K., 1457 involved flammable liquids (and of those, 714 involved
petrol). Of 42,856 fires in other types of buildings, 3141 were reported to
involve flammable or combustible liquids.[Lewis, 1995] The California State
Fire Marshal reported that over the period 1988 — 92, in California an
average of 18,915 building fires of accidental origin were reported to have
been initiated in flammable or combustible liquids each year (with petrol
identified as the flammable liquid in about 75% of all these accidental fires).
That number represents fully one-third of accidental fires, since over the
same period, an annual average of 38,323 building fires of accidental origin
were identified as having begun in wood, paper, cardboard, plastic, or other

similar ordinary combustibles. [State Fire Marshal, 1995]



1.1.2 Flammable Liquids in Incendiary Fires

In addition, flammable liquids are involved in a large percentage of
incendiary (deliberately set) and arson fires of buildings, vessels, and vehicles.
(Arson is defined as the act of deliberately lighting a fire with malice and
specific criminal intent.) Such fires are a massive national problem in the
U.S.. The National Fire Protection Association (NFPA) reported an
estimated total of 84,5600 incendiary and suspicious building fires in the U.S.
in 1993, representing some 13.6% of all reported building fires.[Karter, 1994]
Extensive review of the literature, however, reveals a paucity of information
about the fuels first ignited in incendiary (deliberately lit) fires. The NFPA
reported that over the period 1987- 91, an average of 9400 homes in the
U.S. each year suffered fires involving petrol (automotive gasoline) as the
fuel first ignited. Of those, one-half were incendiary or suspicious in origin.
[Miller, 1994] In addition, there were an estimated 800 — 900 home fires
involving Class 1C (flash point between 22.8 and 38°C) flammable liquids,
with nearly one-quarter being incendiary or suspicious in origin. Informal
enquiries were made by the author among many fire investigators across the
U.S. during 1992 — 94. The consensus was that flammable and combustible
liquids (often referred to as ignitable liquids) were used in perhaps one-half of
all incendiary fires, and in a higher percentage in arson fires (those involving
identifiable specific criminal intent).

Ignition of available ordinary combustibles is the most common
scenario for problem fire-setters, children, and vandals but flammable liquids
of various types are more widely used by those setting fires for fraud,

revenge, intimidation, or even as a means of murder or assault. This is



confirmed by data from the California State Fire Marshal’s California Fire
Information Reporting System (CFIRS). In the period 1988 — 1992, CFIRS
reported that, each year, approximately 3700 incendiary fires and 650
suspicious fires involving buildings of all types were identified as having been
ignited using ignitable liquids. This can be compared to approximately 3875
incendiary and 3840 suspicious building fires (per year) where plastics,
paper, cardboard, and/or wood were the first fuels ignited and another
approximately 3950 incendiary and suspicious fires where the first fuel
ignited was notidentified or could not be determined.[State Fire Marshal,
1995]

In a 1988 study, the Home Office (U.K.) Standing Committee on Fire
Prevention reported that 8.4% of deliberate or suspected deliberate fires
began with the ignition of ﬂammable liquids of some type.[Home Office, 1988]
The NWFIU of the London Fire Brigades investigated 2469 fires in the years
1989 — 93, and determined 1252 to be deliberate. Of these, 225 fires involved
the suspected use of a flammable liquid accelerant.[Gardiner, 1995]

Prince George’s County, Maryland, which maintains one of the best
local databases in the U.S., reports that in a typical year (1992), 404 set
fires (involving 171 vehicles and 233 buildings) were reported where some
19% involve flammable liquids identified.[Estepp, 1993] In Los Angeles
County, California, over the period 1989 — 92, 22.1% of the 16,849 incendiary
fires (including trash dumpster fires) were identified as having been ignited
with flammable or combustible liquids.[Reed, 1993] '

Deliberately-set or incendiary flammable liquid fires are encountered in
two predominant forms: the incendiary device, or a direct spill or pour
followed by a separate ignition. An incendiary device may be defined as a
container of flammable liquid or a chemical mixture capable of igniting



(generating heat or flames) with some means of ignition attached. It is nearly
always some variant of a Molotov cocktail or petrol bomb — a breakable
(glass) container with a source of ignition (open-flame fuse or wick, chemical
incendiary, or electrical). Itis intended to be launched by hand against the
target, typically using less than one litre of liquid. One variation is a hybrid
device using a larger metal container (4-20 litre) and a small explosive
perforating device (high explosive or low-explosive pipe bomb). The explosion
usually serves only to disperse the fuel (usually petrol) as a vapour and
aerosol, since the fuel is being pushed away from a very short-lived ignition
source. Hot (incandescent) metal fragments from the container serve to
ignite the vapour produced.[DeHaan, 1991] Such devices are rare in the U.S.
but are more common in terrorist attacks in the U.K. and other countries.
Devices incorporating a quantity of flammable liquid in a drum, bottle, or
plastic trash bag accompanied by a simple time-delay ignition device (such
as time fuse or wick) are encountered more frequently. The U.S. Treasury
Department reported 725 “actual and attempted” incendiary device incidents
in the United States in 1993 ( and a total of 2799 for the years of 1989 — 93).
Virtually all of the “actual”devices (714 in 1993) involved flammable liquids
in a device of some type.[U.S.Treasury Dept., 1994]

The second form of flammable liquid use is far more common than any
"device": the direct pour or spillage of a quantity of flammable liquids followed
by direct ignition. In one study by the author, only 12.3% of the arson cases
examined involved the use of any type of identifiable ignition device. The
most common scenario was the direct pour of liquid followed by match
ignition, which was the mechanism identified in 61.2% of the arson cases
submitted to the (Department of Justice) forensic laboratory over a three-
year period.[DeHaan, 1979] Such cases typically involve the pouring of the



amount one person can carry easily without attracting undue attention,
usually 3—20 litres.[DeHaan-1991] Such a quantity is more than enough to
kindle a very large fire in a room with a "normal" fuel load of furnishings,
carpet, draperies, and the like. If the fuel is adequately distributed, and the
room is adequately ventilated, a fast-spreading, very destructive fire nearly
always results. Fortunately for the fire investigator, such incidents often
result in incomplete destruction of the target (at least for buildings) and
subsequent detection of unburned flammable liquid accelerants in the fire
debris. One study by the author revealed that in some 347 cases submitted
to the forensic laboratory, petrol (automotive gasoline) was detected in 31%
of them, other petroleum distillates were detected in 13%, and other highly
flammable liquids (alcohols, ketones, lacquer thinners, etc.) were detected in

6%.[DeHaan, 1979]

1.2 Fire Investigation and Reconstruction

The complete investigation of a fire involves more than simply
establishing its origin and cause; it entails reconstructing the circumstances
of the fire's ignition and spread. Itis well known that the pouring or spillage
of a volatile fuel results in the evaporation of some quantity of that fuel into
the vapour state. That vapour mixes with air to some degree. When that
mixture reaches a certain concentration, i.e., falls within the flammability
range for ﬁhat fuel vapour in air, and comes into the vicinity of a suitable
ignition source, ignition occurs. The flame front moves through the
vapour/air mixture in a deflagration whose flame speed, extension, and
overpressure resulting from the expanding gases depend on the shape,

concentration, and extent of the vapour distribution, as well as on the shape,



complexity, and the confining effect of any surrouﬁding enclosure. In those
fires involving volatile liquid fuels, the vapours created by the evaporation of
the liquid prior to ignition are the critical element of the ignition and initial
spread of the fire. Only that fuel that is in the vapour state prior to ignition is
available for contact with an ignition source, whether that source is
intentional (such as a match) or accidental (such as a pilot light, hot water
heater burner, electric motor brush arc, switch or thermostat spark, or hot
surface).

The fire investigator is sometimes expected to determine the sequence
and time interval between the exposure of a volatile fuel and its ignition. The
ignition source responsible need not be in the immediate area of the liquid pool
itself because the vapours can be spread by convection, diffusion, air
currents, or mechanical movement. In fires occurring out of doors, the wind
plays a dominant role in spreading volatile vapours and mixing them with air.
Because the largest percentage of "cause unknown" fires occur indoors, wind
is not often a factor. Except for areas in the near vicinity of doors or
heating/ventilation/air conditioning (HVAC) openings, the expected linear air
movement in a normal room is limited (<1m/s). Also, some incendiary fires
and accidental fires start in basements (where thermal gradients may
further reduce circulation) or in unoccupied buildings where thereis no
operating heating/ventilation equipment or power to run it. With limited
mechanical movement of air, the predominant mechanisms for vapour
spread will be diffusion and natural convection. The roles of diffusion and
convection in spreading fuel vapours may not be appreciated by many fire
investigators. The vapours of the most common fuels are heavier than air
and will tend to form a layer at the floor of the compartment. The depth of
this layer will depend on the quantity, vapour pressure, and temperature of



the fuel involved and the density of its vapour, as well as the time between
release of the liquid fuel and the ignition of its vapours.

A mail survey of fire investigators in the U.S. and Australia conducted
by this author yielded responses concerning some 50 cases in which
flammable liquid vapours were identified as the cause of deflagrating
explosions in structures (Appendix B). It was clear from the responses that,
while it was a matter of routine to identify the fuel and its source and, in most
cases, to identify a likely ignition source, efforts to establish the time lapse
between the release of the fuel and its ignition were almost never successful.
This will be explored in more detail in Section 4.10 of this thesis.

The statements of witnesses, victims, or persons suspected of
involvement in setting a deliberate fire as to the circumstances of ignition
and flame spread are sometimes invaluable in reconstructing the time
sequence of a deflagration. It is the responsibility of the investigator to
corroborate these statements with observed indicators and other
information about the fire. Only by understanding the underlying
mechanisms of evaporation, diffusion, and layer formation and movement
can the investigator hope to predict the events and time factors involved in
flammable liquid fires. The investigator must be able to answer a number of
hypothetical challenges on the way to a solution. If a liquid is spilled at a
certain time, how long will it be before it forms an ignitable vapour in the
immediate vicinity? If there is a possible source of ignition some distance
from the spill, can vapours reach it, and if so, how much time must elapse
before they reach ignitable concentrations? If the ignition source is above or
below the spill, can vapours reach the source? If various quantities are
spilled, how large a pool will form? How much total vapour will be produced
with time from spills of various quantities and at various temperatures? If a

liquid is spilled on a tile floor, how quickly will it evaporate? Will it make a



difference if it is spilled on carpet, wood, or sand? These unknowns can be
listed as follows:
1. Relationship between quantity of fuel and area of pool on various
substrates.
2. Evaporation rate from that substrate.
3. Relationship between pool temperature and evaporation rate.
4. Volume of vapour generated by evaporation from pools of various
sizes.
5. Volume of vapour generated by pouring and splashing.
6. Vertical diffusion of vapour in still air.
7. Horizontal spread of vapour in still air.
8. Underlying thermodynamics that control evaporation.
9. Evaporation of complex petroleum distillates.
10. Relationship between pools, fire behaviour, and post-fire indicators.

1.3 Limitations of Present Models

Sometimes the ignition source and time frame of a fire can be
established from witnesses, video recordings, or other sources but the
quantities cannot. Sometimes the effects of the resulting ignition and
quantities of fuel used are known, but the ignition source and its location are
not. The ability to estimate the time of formation, direction of movement,
and height (depth) of ignitable vapour layers would be invaluable in the
investigation of both accidental and incendiary fires. There is considerable
material in the literature on the formation and spread of large vapour clouds
from exterior spills.[Clancey,1977; Marshall,1977; VanUlden] and even
models for their prediction.[Shaw/Briscoe, 1978; Fleischer,1980;



Melhem/Croce, 1995] These deal predominantly with large (1000 litre or
more) spills of cryogenically liquified gases such as compressed natural gas
(CNGQG) or pressurized fuels such as liquified petroleum gases (LPQ) in
exterior sites where wind is the dominant factor in the dispersion process.
Such models also concentrate on deep spills on the ground or on water and
not with shallow layers on wood, concrete, or carpet. The police or fire brigade
fire investigator is more often faced with small (less than 20 litre) spills of
liquids onto floor surfaces at ambient temperatures in still or nearly still
environments where diffusion processes dominate. It is the objective of this
study to provide fire investigators with a better understanding of accidental
and incendiary flammable liquid fires by quantifying some of the factors
influencing the formation of vapour layers of small spills of common

flammable liquids at ordinary temperatures.

1.4 Fundamental Processes Involved in Layer Formation

The behavior of mixtures of vapours and gases, as well as the factors
that influence their combustion, are well known. Most such fires involve a
flame propagating though the vapour/air mixture from a single point source
of ignition. Whether this fuel/air mixture is confined or not, such a
deflagration produces quantities of heat (as both visible light and heat
energy) and pressure that can be predicted based on the quantity of fuel
involved and its concentration in the air. The effects of the pressure
produced, of course, depend on the nature of the confinement. Deflagrating
hydrocarbon vapour/air mixtures can produce devastating effects on
structures, vessels, and vehicles. The processes that control the production

and flammability of a vapour/air mixture will be reviewed briefly here.
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1.4.1 Flammable Liquids

The flammable liquids under consideration in this study are those with
a flash point below 22.8°C (73°F), i.e., those which constitute a fire hazard at
ordinary indoor temperatures (10-30°C). Such liquids fall into NFPA classes
1A and 1B for flammable liquids, based upon NFPA No. 321, "Basic
Classification of Flammable and Combustible Liquids". These classifications
are based on flash point measured by Tagliabue (Tag) Closed Cup Tester
(described in ASTM D56) as specified in NFPA No. 321.[McKinnon, 1976]
Fuels with a flash point of 32°C or less are considered Highly Flammable
Liquids under the U.K. classification scheme. The fuels under consideration
are those that are liquids at ordinary temperatures and atmospheric
pressure (1 Bar), and therefore, cryogenic liquids such as CNG or evaporating
pressurized fuels such as LPG will not be considered here. The fuels most
commonly encountered in structure and vehicle fires that meet these criteria
are: acetone, methanol, petroleum ether, toluene, hexane, petrol (automotive
gasoline), and camping fuel ( an unleaded, straight-run naphtha fraction
petroleum distillate used to fuel camping stoves and lamps). These will be
the primary focus of this study.

Petrol (automotive gasoline) is the single most commonly encountered
flammable liquid in accidental and incendiary fires (and found in both building
and vehicular incidents). It is a complex mixture of more than 100
hydrocarbons (and often oxygenated compounds such as ketones, alcohols,
and ethers in small quantities) that usually has a boiling point range of 40 —
190°C (100 — 400°F).[DeHaan,1991;Sanders/Maynard,1968] The boiling
point range and vapour pressure (and therefore flash point) can vary with

geographical location and time of year. Other sources list average ranges of
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28 - 207°C for winter blends and 32 — 209°C for summer blends of unleaded
petrols in the U.S.[Kirk-Othmer, 1985] Petrol sold in cold climates or at low
altitudes has a higher concentration of light alkanes and iso-alkanes
(including up to 8% butane in areas with severe winters) than those sold for
use at high altitudes, in hot weather, or in pollution-controlled
areas.[Melhem,1992] Other changes to basic formulation or additive
packages are made to accommodate environmental restrictions. The
elimination of lead additives from most automotive fuels in recent years is an
example.

When petrol is exposed to air at ordinary temperatures, the
evaporation is progressive with the lightest (lowest boiling point) compound
evaporating first, followed successively by heavier and heavier compounds.
At first, the evaporating species is almost entirely butane, iso-butane or n-
pentane. As the process continues, the hexanes, benzene, toluene, xylenes,
and heavier alkanes follow in sequence. As a result, the gas chromatographic
profile of the remaining petrol changes dramatically with time. This effect is
often seen in the partially evaporated petrol recovered from fire debris.
[DeHaan/Fultz, 1992] The process is the same whether the petrol ignites or
not. Mann, in his study of chromatographic profiles of petrol, determined that
the sequence of loss proceeded in the same order in both burning petrol and in
petrol evaporating at room temperatures. Only the time scale was affected
by the radiant heat incident on the pool, the burning pool evaporating at a
much faster rate.[Mann, 1990} Since it has such a significant effect on the
evaporation rates of complex fuels, this progressive evaporation will be
studied briefly as part of this enquiry. Each of the flammable liquids of
concern to the fire investigator has a number of physical and chemical

properties that critically influence their role as fuels.
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1.4.2 Vapour Pressure

One of the major factors controlling the evaporation of a liquid is its
vapour pressure. At equilibrium between liquid and vapour, the vapour

pressure, Po , iS calculated from the Antoine relationship:
logiopo=a — b/(T+c) where T = temperature (°C) and a,b, and ¢

are constants which have a different value for each compound [Dean, 1985]
or in the form:

logi10po = (—0.2185 E/T)+ F where T is the temperaturein Kand E

and F are constants which have a different value for each compound
[Drysdale]
The a,b, and ¢ factors commonly offered in the literature are:

n-pentane, a= 6.85296, b = 1064.84, ¢ = 233.01

n-hexane, a = 6.87601, b = 1171.17, ¢ = 224.41

n-octane, a = 6.91868, b = 1351.99, and ¢ = 209.15).|Dean]}
The vapour pressure of pentane, hexane, and octane were calculated over the
temperature range of interest here using those values. (Fig. 1.1). These
vapour pressure plots give generally accurate estimates for flash points and
boiling points of these alkanes, and agree with the formulae and constants
used in many references. For comparison, the average Reid vapour
pressures for petrol in the U.S. are 645mm for winter grades and 502mm for
summer grades (at 38°C).[Kirk-Othmer].

At equilibrium the Gibbs free energy of the substance is the same in
both systems (liquid and vapour) but the Gibbs free energy at the interface
is pressure, temperature, and surface contour dependent.[Fried, 1977] The

vapour pressure of a liquid in any system is therefore dependent on the
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Vapour Pressure of n-Alkanes
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Fig.1.1 Vapour Pressure (mmHg) of n-pentane, n-hexane, and n-octane calculated for
the temperature range -5 to 40°C. Vapour pressure corresponding to 760mmHg
(boiling point) and 15mmHg (2% lower explosive limit) are dashed lines. (After Dean).
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temperature, surface tension, and the shape of the surface. The higher the
temperature, the lower the surface tension and thereby, the higher the
vapour pressure. A flat surface has a higher vapour pressure than a

concave one. A convex surface has a higher vapour pressure than a flat one
and the smaller the radius of curvature of the surface, the higher the vapour
pressure.[Fried] This is especially important in examining the combustion
properties of mists and aerosols where the smaller the droplet, the faster its
evaporation, and the less stable it is. In the present study, the fuel may be in
a pool with a flat surface or it may be spread thinly across a convoluted
surface with a large surface area having many elements of small radius, e.g.,
the filaments, threads, and yarns of a carpet or grains of sand. The capillary
forces between a liquid and adjacent small elements of a complex matrix such

as sand or carpet may also affect the vapour pressure.

1.4.3 Surface Area of Pools

The surface area of an exposed pool of an evaporating liquid will have a
direct effect on the evaporation rate — the larger the surface area, the
greater the total mass loss rate (g/ min). A model to predict pool size from
the volume of liquid released would be useful. Such a model would depend on
the relationship of gravity acting on a mass of liquid that represents the
initia<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>