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Abstract

An experimental technique has been developed to systematically study the
ignition, flame spread and mass burning characteristics of liquid fuels spilled on a water
bed. The final objective of this work is to provide a tool that will serve to assess a fuels
ease to ignite, to spread and to sustain a flame, thus helping to better define the
combustion parameters that affect in-situ burning of oil spills. A systematic study of the
different parameters that affect ignition, flame spread and mass burning has been
conducted in an attempt to develop a bench scale procedure to evaluate the burning
efficiency of liquid fuels in conditions typical of oil spill scenarios. To study ignition and
flame spread, the Lateral Ignition and Flame Spread (LIFT) standard test method (ASTM
E-1321) has been modified to allow the use of liquid fuels and a water bed.
Characteristic parameters such as the critical heat flux for ignition, ignition delay time
and flame spread velocity as a function of the external heat flux have been obtained. A
series of “fire properties” corresponding to the fuel can be extrapolated from these tests
and used to assess the tendency of a fuel to ignite and to sustain flame spread. The
ignition and flame spread data is complemented by means of the Flash Point Temperature
as obtained from the ASTM D56 Tag Closed Cup Flash point tester. Mass burning has
been studied by determining the burning efficiency of different fuels (%) under conditions
where a simple one-dimensional heat conduction model describes the surface regression
rate. The methodology was validated using SAE 30W oil and different crude oils in their
natural state and under different levels of weathering. The present results show that
Flame spread velocity is controlled by the thermal properties of the heavier fractions of
the fuel and the flash point temperature. Weathering has therefore no effect on the
thermal properties but significantly affects the flame spread rate and the minimum
external heat flux necessary to sustain spread. The thermal properties determining the
ignition delay time are, again, determined by the heavier fractions but the critical heat
flux necessary for ignition is a strong function of the weathering level. A relative
evaluation of the efficiency of the mass burning process (y) can be obtained
experimentally under controlled bench scale conditions and used to evaluate the
efficiency of the burning process under more realistic scenarios.
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ABSTRACT

The burning rate of a slick of oil on a water bed is calculated by a simple
expression derived from a one-dimensional heat conduction equation. Heat feedback
from the flame to the surface is assumed to be a constant fraction of the total energy
released by the combustion reaction. The total heat release, as a function of the pool
diameter, is obtained from existing correlations. It is assumed that radiative heat is
absorbed close to the fuel surface, that conduction is the dominant mode of heat
transfer in the liquid phase and that the fuel boiling temperature remains constant. By
matching the characteristic thermal penetration length scale for the fuel/water system
and an equivalent single layer system, a combined thermal diffusivity can be
calculated and used to obtain an analytical solution for the burning rate. Theoretical
expressions were correlated with crude oil and heating oil, for a number of pool
diameters and initial fuel layer thickness. Experiments were also conducted with
emulsified and weathered crude oil. The simple analytical expression describes well
the effects of pool diameter and initial fuel layer thickness permitting a better
observation of the effects of weathering, emulsification and net heat feedback to-the
fuel surface. Experiments showed that only a small fraction of the heat released by
the flame is retained by the fuel layer and water bed (of the order of 1%), that the
effect of weathering on the buming rate decreases with the weathering period and that
emulsification results in a linear decrease of the burning rate with water content.

Keywords: Oil spill, burning rate, crude oil, weathering, emulsification, pool fire
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INTRODUCTION

The burning of oil in water is of great interest as a result of off-shore
exploration, production and transportation of petroleum. This combustion
phenomenon may constitute a hazard, i.e. and accidental burning slick drifting
towards a platform, but it may also serve as a measure to minimize the environmental
damage of an oil spill [1,2].

The available information on this phenomena is quite limited. Although great
effort has been devoted to the understanding of pool fires [3] and flame spread over
liquid pools [4,5,6] the specific issues related to a fuel burning over a water bed have
deserved little attention. Most of the work being related to fires in fuel tanks and the
phenomena commonly referred as “boilover” [7,8]. Only a few studies have dealt
with the burning of a thin layer of fuel on a water bed. A good summary of existing
knowledge is provided by Evans et al. [2].

In an attempt to provide an adequate methodology for ignition of oil-spills a
review of the ignition methods commonly used for oil spill clean-up was provided by
Jason [9]. Ignition source temperatures and successful ignition conditions have also
been a subject of interest [10,11]. A cone calorimeter was used by Putorti et al. [12]
to quantify the heat flux necessary to accomplish ignition of different fuel. In this
work emphasis was given to the effects of weathering and emulsification on ignition.

Assuming that the fuel layer is ignitable an important concemn is thin layer
boil-over. The term “boilover” has been usually applied to a fire scenario in which
an open top tank containing burning crude oil, after a long period of quiescent
burning, shows a sudden increase in fire intensity associated with the expulsion of
buming oil from the tank [13]. The term boilover has also been applied to the
burning of thin layers of fuel on the surface of water in order to limit the spread of oil
after an accident [14,15]. This scenario is commonly referred as thin layer boil-over.
Although somehow different in nature, both cases result from the onset of boiling
nucieation at the fuel/water interface and therefore, the time from ignition to the onset
of boilover correlates well with the time needed for the thermal wave to reach the
water [16].

The problems linked to thin layer boilover are related to the uncontrolled
nature of the combustion process and the total fraction of fuel consumed during the
burning process. The total fraction of fuel burnt before boilover increases with the
fuel layer thickness if the layer is thinner than 10 mm and remains constant for
thicker layers [16]. The amount of fuel consumed after the onset of boilover
dramatically decreases with the fuel thickness [15]. Thick fuel layers lead to a “hot
zone” formation that results in explosive boilover and low fuel consumption, thinner
layers follow a smoother transition between pool like burning and boilover which
leads to high fuel consumption.

Geometrical considerations pertaining burning rate are of great importance
when considering the use of burning for oil spill cleanup. If the oil spill is not
contained, the fuel layer thickness decreases till self-sustained burning is no longer
possible. Typical values of the order of 0.5 mm have been identified as a minimum
thickness for self-sustain buming [8,16,17]. The effect of fuel thickness, pool
diameter and fuel boiling point on the burning rate has also been studied by Garo et
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al. [16,18] who observed that the burning rate does not depend on the initial fuel layer
thickness for fuel layers thicker than 10 mm and decreases for thinner layers.

One of the first attempts to model this type of problem was made by Twardus
and Brzustowski [1], who developed a simple one-dimensional model to describe the
combustion of oil slicks on water. This model describes the buming process as that
of a pool fire with a heat loss term from the fuel to the water underneath. Heat losses
from the fuel towards the water will increase as the fuel layer thickness decreases,
therefore, a minimum thickness for self-sustained burning can be established. In a
later model Brzustowski and Twardus [19] incorporated the effects of radiative
absorption in the fuel and the effect of tilting by the wind. A more realistic model
that incorporates radiative feedback and the effects of turbulent buoyant motion was
subsequently developed by Alramadhan et al. [17], emphasis was given to the
regressing surface and the gas phase and no account for heat transfer towards the
water bed was made. Although these simple theories obtain expressions for the
burning rate and minimum thickness for self-sustained burning, they all fail to
describe the evolution of the burning rate as the fuel thickness decreases below 10
mm.

In this work a simple heat conduction model is used to describe the pre-boil
over burning rate of crude oil and heating oil. The results from the model are then
compared with experimental results. The parameters varied are the pool diameter, the

fuel layer thickness, the weathering level and the percentage of water emulsified in
the fuel. -

FORMULATION
Heat release rate from a pool fire has been documented extensively [3,20,21]
and it has been found that the expression

Q = pmcp(ng (Tf —Tao ))Uzds,z

correlates well with values measured experimentally [17]. The total heat release from

the combustion process is denoted by Q, C, is the specific heat at constant pressure
and ambient temperature for air, T_ is the ambient temperature, T; is and average

flame temperature (for this work T, ~ 1100 K [20]), g is the acceleration of gravity
(g=9.81 m/sz), d (diameter of the fuel pool) is the characteristic length scale, p is the
density and the sub-index oo stands for ambient conditions.

The net heat fed back to the fuel represents a small fraction of the total heat
release, this fraction (y) has been found to be independent of the pool diameter [3,21]

and thus, the heat flux per unit area reaching the surface can be expressed as

4p.C,(T,g (T, ~T,)"*d"”
4y =yl (1)




If conduction is assumed to be the dominant heat transfer mechanism and if
the thermal wave has not reached the fuel/water interface the fuel can be considered
as semi-infinite and an expression for the temperature as a function of time and
position can be obtained. This treatment can also be used when fuel and water have
similar thermal diffusivities [8,16]. This case will be referred as the “One-
Dimensional Single Layer Conduction Model”. If fuel and water have significantly
different thermal diffusivities and the thermal wave has already reached the fuel/water
interface, fuel and water layers need to be treated independently. The water can still
be assumed as semi-infinite but the fuel layer needs to be treated as a layer of finite
thickness. This case will be referred as the “One-Dimensional Two Layer Conduction
Model”.

Radiation through the fuel layer can be of importance [17,19] but for the fuels
of interest it has been demonstrated that most of the radiative heat flux is absorbed
very close to the surface [22]. Natural convection inside the fuel and water layers can
significantly enhance heat transfer close to the fuel surface but seems to affect only
weakly steady burning for highly viscous fuels [5]. The importance of natural
convection decreases with viscosity and its effects can be neglected for those fuels
relevant to this study, this is not the case for less viscous fuels (i.e. octane, xylane,
etc.) [18]. For simplicity, this analysis will assume conduction to be the dominant
heat transfer mechanism.

General Statements -

A schematic of the problem to be studied is presented in Figure 1. Assuming
no convective motion and that radiation is fully absorbed at the surface, the following
energy balance can be made at y=yg(t)

qe =Hyper(t)+q¥ ' )

where Q¢ =-Ap— is the heat conducted into the fuel layer, Hy is the latent
y=ys(t)
heat of vaporization, t is a specific time, T is the temperature, A is the thermal

conductivity, r(t)= —gt—(y s (1)) is the regression rate, yg(t) is the location of the fuel

surface at a specified time, and the sub-index F stands for fuel. For the entire
analysis, it is assumed that the ignition source brings the surface temperature to Ts
(vaporization temperature of the fuel) instantaneously. The vaporization temperature
is considered to remain constant throughout the entire burning time.

One-Dimensional Single Layer Conduction Model

This analysis is an extension of the works of Arai et al. [8] and Garo et al
[16]. Details of the formulation will not be presented here and therefore, the reader is
referred to these works for further information.




The heat conduction equation for a one-dimensional semi-infinite element is
given by:

g Z (3)
with initial condition at

t=0, T=T,

and boundary conditions

y=yS(t)7 T=Ts
y—=>wo, T=T,

if op is the thermal diffusivity of the fuel and “r” is assumed to be constant then the
following expression for the temperature distribution can be obtained

-1 =ex (——r— —yg(t 4
T.oT. pvaF(y ¥s (1) : (4)

s

this expression will be accurate if the thermal diffusivity of the fuel is approximately
equal to the thermal diffusivity of water (a; ~a,) or for a time period “t” earlier
than the characteristic time for the thermal front to reach the fuel/water interface
(t<tc). The characteristic time, t¢ , can be derived by scaling equation (3)

2
te =~ ¥s.i
O +¥s,T
where ys; is the initial thickness of the fuel layer. Knowing the temperature
distribution it is possible to calculate q¢ and by substituting in equation (2) an
expression for the average regression rate can be calculated.

One-Dimensional Two Layer Conduction Model

The thermal diffusivity of water is significantly bigger than that of the fuels of
interest (Table 1) and as soon as the thermal wave reaches the fuel/water interface, the
water bed starts acting like a heat sink (t>tc). A full description of this scenario is
given by the following set of differential equations and boundary conditions. '

T

2

Q@

&)

|y

1
Ay




(6)

with initial condition at
t=0, T=T,

and boundary conditions

y=ys(t), T=Ts
y=O,—lF§I =—)\,w§£
ayy_o* ayy,o'

y = o, T=Tm

The use of equation (2) and a numerical solution of the equations (5) and (6)
is necessary to obtain the corresponding temperature distributions and regression rate.
The data available in the literature generally provides only average regression rates,
therefore, only an order of magnitude comparison will be possible. A simplified
approach that incorporates the main physical characteristics is, thus, used to solve
the above system of equations in place of a numerical solution.

The average regression rate has been reported of the order of 10”° m/s [16] and
the thermal diffusivity for the liquids of interest is small (Table 1), therefore, at each
stage of the regression process only the steady conduction equation needs to be
solved. The resulting temperature profiles are linear and an equivalent thermal
diffusivity can be obtained. The equivalent thermal diffusivity results from matching
the thermal penetration distance through a two layer bed with thermal diffusivities o
and ay, and the thermal penetration distance in one single layer of thermal diffusivity
atgq- The characteristic length for the fuel layer will be yg; and the average regression
rate, r, is assumed to be constant. From equations (5) and (6):

Ggg = 3 ((fory ++far )’
F

a

The use of an equivalent thermal diffusivity allows to formulate the problem with one
differential equation. The single differential equation corresponds to equation (3),
where o has been substituted by ogq and the following expression-for the average
regression rate (r) is obtained:

r =

N
Hype L yS.i(\/-&—F_-*-‘\/E)Z

Equation (7) although simple and approximate provides an engineering tool that
could be of great practical use.

1 H4 p,,c,A(ng<TF—Tm))'”]d,,z_ @A (T, ~T.) }
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EXPERIMENT

The experimental apparatus, measurement methods and experimental
procedures are those described by Garo et al. [16,22] and therefore will only be
described briefly here. Pool burning tests of a layer of liquid fuel floating on water
were conducted in a large test cell vented by natural convection. Fuel and water were
placed in stainless steel pans of 0.15 m, 0.23 m, 0.30 m and 0.50 m in diameter and
0.06 m deep. Some experiments were conducted with pans of different depths to
verify that the results were independent of the pan depth. The pans were placed on a
load cell to measure the fuel consumption rate. The load cell had a response time of
60 ms and an accuracy within +/- 0.5 g.

The thickness of the initial fuel layer vas varied from a maximum of 20 mm to
a minimum thickness of 2 mm. Before each test water was first poured in the pan and
next the fuel until it reached 1 mm below the pan lip. During the combustion process
the location of the fuel/water interface remained constant, therefore, the freeboard
length increases during the experiment. The freeboard length changes were found to
have very little effect on the steady-state burning rate.

A typical experiment can be described as a short unsteady ignition period
followed by a steady state burming period. During steady burning the surface
temperature increased slightly as the experiment progressed (lighter volatiles tend to
burn off first). The steady burning period was followed by thin layer boil-over
characterized by an increase in the burning rate as well as intense splashing of water
and fuel. It is important to-note that steady burning was followed by boilover and not
extinction, therefore, no sudden decrease of the mass burning rate was observed.

The fuels used were heating oil (a mixture of hydrocarbons ranging from C,4
to C,) and crude oil (63% Kittiway, 33% Arabian Light and 4% Oural).
Experiments were also conducted with weathered fuels as well as different fuel/water
emulsions. Weathering refers to the evaporation of the light components of the fuel
that results in significant changes of the fuel properties (density, viscosity, boiling
temperature, etc.), in the laboratory it was accomplished by means of a mixer turning
at 700 r.p.m. and covering 75% of the horizontal cross section of the container.
Mixing was conducted for 3 different periods, 24, 48 and 72 hours. Fuel/water
emulsions were obtained by adding fixed quantities of water to the mixer and allowed
to emulsify for no more than an hour. Experiments were conducted with crude oil
aged for 24 hours and water contents of 10, 20, 30 and 40% in volume.

EXPERIMENTAL RESULTS

Details of the experimental observations can be obtained from Garo et al.
[16,18] and Garo [23] and will not be presented here. The discussion of the results
will be limited to what concerns the regression rate (r). Figure 2 shows the regression

rate as a function of the initial fuel thickness (ys;) for crude oil. The values presented -

here are averages but can be assumed as representative since the regression rate
remained almost constant throughout the pre-boilover period. It can be observed that
for ys; > 8 mm the regression rate is independent of the initial fuel layer thickness,
instead, for yg; < 8 mm the regression rate decreases till no self-sustained burning can
be obtained for ys; <2 mm. Figure 2 also shows an increase in the regression rate
with the pool diameter. It is important to note that the pool size does not seemy to

12



alter the effect of fuel layer thickness, for all pan diameters the regressiori rate begins
to decrease for layers thinner than 8 mm.

The use of heating oil, weathered or weathered and emulsified crude oil does
not seem to affect the qualitative characteristics of the curves, being a change in
magnitude the only observable difference. The regression rate for heating oil is
significantly lower than that corresponding to crude oil burning under equivalent
conditions. The average regression velocity of weathered crude oil is also
significantly slower than those characteristic of fresh oil. Experiments conducted for
different weathering periods (Figure 3) showed that as the weathering time increases
the regression rate decreases, with the most dramatic change occurring for the initial
weathering period and with no further change observable as the weathenng time
extends over 72 hours. :

Adding water to the fuel seems to have a similar effect on the regression rate.
Figure 4 shows the average regression rate for a 15 mm layer of crude oil weathered
for a period of 24 hours to which water has been added from 0 to 40% in volume. It
can be observed that the average regression rate decreases as the water content
increases.

DISCUSSION AND DATA CORRELATION

Equation (7) has been used to calculate the average regression rate (rr) for
crude oil and the results are presented in figure 5. The average regression rate
matches well qualitatively -and quantitatively the experimental values (rg). Figure 5
shows, again, that the regression rate is almost constant for ys;> 8mm and decreases
dramatically with the fuel layer thickness for yg; < 8mm. For all data points a
constant value of y =2.9 x 10~ was used. The value of ¥ was selected to best fit ry
with the experimental data for the constant regression rate zone.

Experimentally obtained average regression rates for heating oil, fresh crude
oil, 24 hour weathered crude oil and 24 hour weathered and emulsified crude oil
(20% water content) were divided by the calculated regression rate (rg/rr) to provide
an indication of the error associated with the assumptions used to model the average
regression rate, the results are presented in figure 6. The data was obtained for
different pan diameters and is presented as a function of the initial fuel layer thickness
(vs,)- The predicted values are in excellent agreement with the theory for initial fuel
layer thickness greater than 5 mm, for thinner fuel layers the error increases reaching,
in the worst of cases, values close to 50%. This error is justifiable due to the great
uncertainty present when conducting experiments with very thin fuel layers and to the
average nature of the regression rates presented The value of y had to be adjusted to
x=39x 10 for heating oil, to x = 2.4 x 10? for 24 hour weathered crude oil and to
x=18x 10 for 24 hour weathered and emulsified crude oil (20% water content).

The heat feedback from the flame behaves in a similar way to a pool flame -

with no water bed, at least in the pre-boilover period. The dependence on the
diameter and initial fuel layer thickness is, thus, well described by the heat flux
obtained from equation (1). The use of a net heat flux as a boundary condition at the
fuel surface seems also to be appropriate. It is important to note that only
approximately between 0.18 % and 0.39 % of the energy released by the flame is
effectively fed back to the fuel surface. The above values of ) seem comparahls to
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data presented by Arai et al. [8] but no data obtained under similar éxpen’mental
conditions has been found to verify these magnitudes.

As previously pointed out by many authors [8, 16, 17, 18, 19] the water bed
acts as a heat sink. The thermal diffusivity of water is significantly larger than that of
the fuel (Table 1), thus, as the fuel layer becomes thinner, the overall thermal
diffusivity increases. Heat conduction through the fuel and water increases (q¢ ) and
the overall fraction of the total heat flux (qg ) vaporizing the fuel decreases leading to
a decrease in the regression rate that can eventually result in extinction (ys; <2 mm).

The data for weathered and-emulsified crude oil is also well described by the
predicted regression rate (figure 6). The same reasoning presented above applies for
these cases, being the only difference the regression rate magnitude. Weathering and
emulsification alter the thermal properties of the fuel and , thus, the magnitude of the
regression rate. By changing the efficiency constant () to fit the experimental data, a
practical way is found to incorporate the effect of weathering and emulsification on
the fuel properties. The variation of the efficiency constant as a function of the
weathering period and the water content is shown on figures 7 and 8, respectively.

Figure 7 shows that initially the efficiency constant (%) decreases fast,
followed by less significant changes till it reaches an almost constant value (% =2 x
10'3). It is well known that the highly volatile hydrocarbons will evaporate very fast,
i.e. after less than 24 hours the mass loss of hydrocarbons with boiling points below
500 K (<C,,) has reached 95% and only reaches total evaporation after 48 hours [23].
Heavier hydrocarbons (C;,<C,s) tend to evaporate significantly slower reaching 100%
mass loss only after more than 10 days. The initial fast change in fuel properties
results in an abrupt decrease of 7, followed by an almost negligible change rate.

For emulsified fuels water addition will result in an almost linear decrease of
x, (figure 8). The properties of the emulsified fuel change significantly with the water
content and, as shown by equation 7, this will have a significant effect on the average
regression rate . The way in which emulsification affects the fuel properties is not
fully understood but it is well known that properties such as the density vary in an
almost linear way with the water content (p(emulsified fuel)=(1-water
fraction)pp+(water fraction)py) and other properties, such as viscosity, increase in a
non-linear way (Table 2).

Although the efficiency constant (y) does not provide a real explanation to the
effects of weathering and emulsification on the average regression rate it serves to
quantify the flammability of the fuel independent of the pool size and fuel layer
thickness. The relationship between the fuel properties and the efficiency factor goes
beyond the heat transfer and evaporation mechanisms controlling the burning rate and
a complete explanation will require a comprehensive study that will include the
effects of weathering and emulsification on the flame chemistry and radiative

feedback. In detail analysis of these relationships go beyond the scope of this work. -~

CONCLUSIONS

A simple one dimensional heat conduction model has been used to describe
the regression rate of a fuel layer on a water bed. Crude and heating oil have been
used to test the validity of the phenomenological model for a wide range of
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conditions. The model describes accurately the regression rate for fuel léyers thicker
than 2 mm. Deviations from the predicted values arise from the assumptions used in
the model and from the uncertainties in the experimental results for ys; <5 mm. The
model accurately describes for all conditions the dependency of the average
regression rate on the pool diameter and initial fuel layer thickness.

A value for an efficiency constant 0.001 < y < 0.004 is obtained under all
experimental conditions. The efficiency constant represents the fraction of the energy
released at the flame that will be retained by the fuel/water. For the conditions
studied the efficiency constant does not depend on the pool diameter or the initial fuel
layer thickness being only affected by the fuel characteristics. Determination of the
range of validity of this statement requires further experimentation.

Weathering and emulsification affect the fuel properties and, thus, the
regression rate. An increase in the weathering period and in the water content results
in a decrease in the regression rate. Although weathering and emulsification affect
the fuel properties, a practical way of incorporating this effect is by introducing the
dependency in the efficiency constant. It was found that after a sudden decrease, the
efficiency constant is almost independent of the weathering period (t > 36 hours). A
linear decrease of the efficiency constant was found with the water content.
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v (x109)

Hy A

C

o (x107)

Ts
(at20°C) | (kJ/kg) | (at 20°C) | (at 2%°C) (at 2('))°C) (at 20°C)
, (m%/s) (WmXK) | kg/m®) | kKIkgK)| (m¥s)
Crude Qil 478 9.83 250 0.132 845 2.30 0.679
Heating Oil | 538 531 377 0.137 844 1.90 0.854
Air - 0.159 - 0.026 1.16 1.00 225.0
Water 373 1.00 2257 0.590 998 4.18 1414
Table 1 Properties
Water Density Viscosity
Content kg/m3 m®/s (x 106)
0% 876 0.2454
10 % 887 0.4386
20 % 902 0.7561
30% 921 1.6145
40 % 936 2.6987

-

Table 2 Properties of crude oil weathered for 24 hours
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A SIMPLIFIED THEORY TO ASSESS THE BURNING
CHARACTERISTICS OF A SLICK OF OIL ON WATER

Jose L. Torero
Department of Fire Protection Engineering
University of Maryland, College Park, MD20742-3031
USA-E-mail:jltorero@eng.umd.edu

Abstract
An experimental technique has been developed to systematically study the ignition, flame spread and mass
burning characteristics of liquid fuels spilled on a water bed. The final objective of this work is to provide
a tool that will serve to assess a fuels ease to ignite, to spread and to sustain a flame, thus helping to better
define the combustion parameters that affect in-situ burning of oil spills.

Keywords

In-situ burning, oil spills, mass burning, flame spread, ignition

1. INTRODUCTION

A simple way to classify all studies relevant to in situ burning of an oil slick over a
water bed is by dividing the combustion process in its three different stages, ignition,
flame spread and self sustained burning (or mass burning). An external source of energy
will lead to ignition, which will be followed by the spread of the flame across the fuel
surface. Although flame spread might be an instantaneous process for many crude oils in
their natural state, the loss of highly volatile compounds, due to weathering, and the
presence of water in emulsions might lead to flame spread that needs to be assisted by
external radiation. For thin fuel layers, heat losses to the water bed, might lead to a
similar situation. For these particular cases a minimum size might be necessary to
provide the necessary radiative heat feed back to self-sustain flame spread. Once the
flame spread process is self sustained mass burning will follow.

Fuel properties vary significantly when subject to a strong heat insult, therefore,
they need to be evaluated under fire conditions. Evaluation of the fuel “fire properties”
that are independent of the length scale will permit the ranking of fuels and will reduce
the number of large scale experiments necessary to determine in-situ burning protocols
and procedures. By focusing on the fuel and introducing external radiation, large scale
conditions can be simulated. It has to be noted that this is not a study of the burning
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characteristics but of the fuel burning efficiency. Ignition and flame spread will be
studied by using a modified Lateral Ignition and Flame Spread Test (ASTM E-1321) and
mass burning by observing the regression rate under conditions where the characteristics
of the flame can be predicted adequately.

This work attempts to identify an ideal configuration in which the ease by which a
fuel can burn can be evaluated. The three aspects of the combustion process, ignition,
flame spread and mass burning will be studied. The results should be independent of
specific burning characteristics and geometrical constraints, and thus, extrapolation to a
large scale should be possible.

2. IGNITION

The critical heat flux for ignition (g, ) is the minimum external heat flux that will

lead to equilibrium at the pyrolysis temperature (T}), thus, is given by:

Qg4 = h(T, = T;) )
where T is an ignition temperature and “h” is a global heat transfer coefficient. By
assuming one-dimensional heat conduction in the fuel and t;, ~ t, (t; is the time needed
to reach T;) a characteristic ignition delay time (t;z) can be obtained:

KT, -T))’
Wl @

where (" ) is the external heat flux, k is the thermal conductivity and a = a(h/k)’.
Mixing (tum), transport (tt) and chemical induction (tj;) times are assumed neglectable
when compared to t,. This will be satisfied best as the external heat flux approaches the
critical heat flux for ignition (q;~qg;,) and t, — . This is important because it

implies that the error incurred in the experimental determination of tj, (due to the
unknown nature of the flow) will decrease as q approaches Ao - Therefore, 40 is a
property of the fuel that can be extrapolated, independent of the flow. More details on
the derivation of the above expressions and on the characteristics of the hardware are
provided by Quintiere (1981).

To validate this approach, SAE 30 W oil was used to conduct ignition tests. This
fuel was used to make possible comparison with previously reported results on ignition
delay time by Putorti et al (1990) and also because of its high flash point (approximately
250°C). A high flash point results in a longer ignition delay time providing a longer
period to observe the different flow structures formed inside the liquid fuel and on the gas
phase. The pilot size and location, the geometry of the fuel container and the flow around
the sample have a significant effect on the ignition delay time (t;g) but for brevity only the
study concerning the flow will be presented.

To study air entrainment into above the fuel sample, a 2W red diode laser (SDL-
820) was used to create a light sheet for visualization of the smoke emerging from the
fuel surface. Figures 2 and 3 are two typical images. In the absence of a flush floor
eddies could be observed at the edges of the tray (figure 1), these eddies grow to cover
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the entire surface of the fuel tray. When a floor surrounded the tray the eddies
disappeared and a random flow of gases was observed (figure 2). The absence of eddies
deters the mixing of fuel and oxidizer at the surface and as a consequence the ignition
delay time increased by approximately 20%. By introducing a 0.1 m/s flow parallel to
the surface a boundary layer is formed and all eddies were eliminated. By introducing
the forced flow tm and tr are reduced significantly and t;, approaches t,. The choice of a
small velocity (0.1 m/s) is not arbitrary, as the velocity increases the convective
component of “h” increases and will have an effect on the value of the critical heat flux
for ignition.

Figure 2- Smoke visualization for a tray with a flush floor.

The results from these experiments are presented in Figure 3 together with data
obtained for the same fuel by Putorti et al. (1990) in a Cone Calorimeter. The ignition
delay time is presented as t'2, following equation (2). Although the ignition delay time
differs from the values found by Putorti et al. all data converges to a unique critical heat
flux for ignition. Since these experiments where conducted using different ignition
procedures and under different environmental conditions, tm and tr are expected to be
different, thus, affecting the ignition delay time. On the contrary, t, should not be
affected if convective losses are similar in magnitude or can be neglected. As

q¢ approaches qg;, , tm and tr become neglectable compared to t, and all data converges

to a unique point (4. ~ 6 kW/m?).

0,ig
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3. FLAME SPREAD

Flame spread velocities (V) can be obtained for external heat fluxes of magnitude

smaller than qg;, .

¢

=T " o
[qO,ig _qe]2

where ¢ =

428,(47)’
T

The following expressions were derived by Quintiere et al (1981).

where ¢ is a global material property determined from the experiments and g, can be

obtained by increasing the external heat flux till V, — o and & is a characteristic
thermal length scale. Reducing the external heat flux will eventually lead to no spread,
thus a minimum velocity (Vgmin) and external heat flux (qg,) for flame spread can be
recorded. This information, obtained under known experimental conditions, will serve as

a useful way to assess and rank the fire performance of fuels and to identify the
parameters that dominate their fire characteristics.

0.12 y T
0.1 ¢4 .."’ ¢ 10mm
' o B 9mm
0.08 + .,,'°. A 8mm
t"0.06 | ., x 7mm
TS X 6mm
0.04 ¢+ ® Putorti et al
(1990)
0.02 —— LINEFIT
0 + + + + :
0 5 10 15 20 25 30
External Heat Flux (kW/m?2)

Figure 3-Ignition delay time for different external heat fluxes (SAE 30W oil). The delay
times from Putorti et al (1990) were extracted as an average of the values
obtained for 43 mm, 15 mm and 10 mm fuel layers.

Preliminary results showed that flame propagation transitions from a continuous
flame spread mode, for the higher heat fluxes, to a pulsating mode as the external heat
flux decreased. For q”<6kW/m’ propagation ceased. Figure 4 shows a series of
characteristic results for SAE 30W oil for different fuel layer thickness. It can be noted
that flame spread regime significantly exceeds qy;,, specially for thinner fuel layer
thickness. The flame spread velocity corresponding to a specific external heat flux
increases with the fuel layer thickness. Further testing is still required to fully clarify this
phenomena.
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Figure 4 - Flame spread velocity for different external heat fluxes (SAE 30W).

4. MASS BURNING

A simple way to assess the relative potential of a fuel to sustain mass burning is by
using a burning efficiency (x) extracted from a simple one-dimensional heat conduction
model under conditions where the flame characteristics are known. The model relies on
the concept that a fraction () of the energy released by the flame is effectively used to
support burning of the fuel. The higher the value of  the more effective the combustion
process. The value of y is independent of the geometry (size, fuel layer thickness, etc.)
and is only a function of the fuel. This value represents the mass burning efficiency of
the fuel and is independent of the ignition and flame spread parameters. The
experimental apparatus, measurement methods and experimental procedures used to
validate this approach are described by Garo et al. (1996) who obtained ¥ = 3.9 x 10” for
heating oil (a mixture of hydrocarbons ranging from Cy4 to Cy;) and y = 2.9 x 10 for
crude oil (63% Kittiway, 33% Arabian Light and 4% Oural). Experiments were also
conducted with weathered fuels as well as different fuel/water emulsions.

Experimentally obtained average regression rates for heating oil, fresh crude oil, 24
hour weathered crude oil and 24 hour weathered and emulsified crude oil (20% water
content) were divided by the calculated regression rate (rg/rr) to provide an indication of
the error associated with the assumptions used to model the average regression rate. The
data was obtained for different pan diameters and is a function of the initial fuel layer
thickness (ys,)) and is presented in figure 5. The regression rate was calculated using the
above mentioned values of . The predicted values are in exeellent agreement with the
theory for initial fuel layer thickness greater than 5 mm, for thinner fuel layers the error
increases reaching, in the worst of cases, values close to 50%. This error is justifiable due
to the great uncertainty present when conducting experiments with very thin fuel layers
and to the average nature of the regression rates presented. The value of  had to be
adjusted to x = 3.9 x 10~ for heating oil, to 3 = 2.4 x 107 for 24 hour weathered crude oil
and to x = 1.8 x 107 for 24 hour weathered and emulsified crude oil (20% water content).

29




2
L3 ‘ z . Fuel
e 1 1 ‘ i i ‘ + heating oil
TE/IT | ‘ ‘ $ $ x crude oil
A crude oil
0.5 (weathered)
o crude oil
0 : ; : (weathered +
0 5 10 15 20 emulsified)
Ys.i
Figure 5-Experimental to Theoretical Regression Rate Ratio for Different Fuels and Pan

Diameters

The heat released by the flame behaves in a similar way to a pool flame with no
water bed, at least in the pre-boilover period and, therefore, a simple dependence on the
diameter commonly used for pool fires successfully describes the heat release. The initial
fuel layer thickness and the effect of the water bed are incorporated through an equivalent
thermal diffusivity and the heat feed back from the flame to the fuel surface is well
described as a fraction, x, of the total heat flux obtained from the flame. The net heat
flux is used as a boundary condition at the fuel surface. It is important to note that only
approximately between 0.18 % and 0.39 % of the energy released by the flame is
effectively fed back to the fuel surface. The above values of %, seem comparable to data
presented by Arai et al (1990) but no data obtained under similar experimental
conditions has been found to verify these magnitudes.

The data for weathered and emulsified crude oil is also well described by the
predicted regression rate. The same reasoning presented above applies for these cases,
being the only difference the regression rate magnitude. Weathering and emulsification
alter the thermal properties of the fuel and , thus, the magnitude of the regression rate. By
changing the efficiency constant () to fit the experimental data, a practical way is found
to incorporate the effect of weathering and emulsification on the fuel properties. The
variation of the efficiency constant as a function of the weathering period and the water
content is shown on figures 6 and 7, respectively.
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Figure 6. Efficiency Factor as a Function of Weathering Time

Figure 6 shows that initially the efficiency constant (%) decreases fast, followed by
less significant changes till it reaches an almost constant value (x=2x10?). It is well
known that the highly volatile hydrocarbons will evaporate very fast, i.e. after less than
24 hours the mass loss of hydrocarbons with boiling points below 500 K (<Cy1) has
reached 95% and only reaches total evaporation after 48 hours (Demarquest, 1983).
Heavier hydrocarbons (C;;-Cas) tend to evaporate significantly slower reaching 100%
mass loss only after more than 10 days. The initial fast change in fuel properties results
in an abrupt decrease of ¥, followed by an almost negligible change rate.

04
0.3 v d (m)
i ¢ 015
02 & ] f m 023
(/?)?.1 N | A 030
x 050
0 — e
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water (%)

Figure 7. Efficiency Factor as a Function of the Water Content (emulsification)

For emulsified fuels water addition will result in an almost linear decrease of y,
(figure 7). The properties of the emulsified fuel change significantly with the water
content and this will have a significant effect on the average regression rate . The way in
which emulsification affects the fuel properties is not fully understood but it is well
known that properties such as the density vary in an almost linear way with the water
content (p(emulsified fuel)=(1-water fraction)ps+(water fraction)pw) and other
properties, such as viscosity, increase in a non-linear way.

Although the efficiency constant () does not provide a real explanation to the
effects of weathering and emulsification on the average regression rate it serves to
quantify the flammability of the fuel independent of the pool size and fuel layer
thickness. The relationship between the fuel properties and the efficiency factor goes
beyond the heat transfer and evaporation mechanisms controlling the burning rate and a
complete explanation will require a comprehensive study that will include the effects of
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weathering and emulsification on the flame chemistry and radiative feedback. In detail
analysis of these relationships go beyond the scope of this work.

5. CONCLUSIONS

The methodology to assess the burning characteristics of a liquid fuel on a water
bed has been presented and verified. Three different and complementary tests are
deemed necessary to characterize the three different regimes of the burning process:
ignition, flame spread and mass burning. For ignition; the critical heat flux for ignition as
identified in ASTM E-1321 was found to be the parameter that better describes the
capability of a fuel to ignite. For flame spread; the minimum external heat flux that will
sustain propagation together with the parameter ¢ (function of the fuel properties) will
serve to describe the flame spread characteristics. The complexity of flame spread over
liquid fuels makes necessary further validation of this experimental approach. For mass
burning; the efficiency factor, , serves as unique parameter to characterize the regression
rate during the mass burning process. 7, is a property of the fuel that can be extrapolated
to different scales and environmental conditions but should be evaluated under conditions
where is independent of the flame diameter and the fuel layer thickness.
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ABSTRACT

The burning rate of a slick of oil on a water bed is calculated by a simple
expression derived from a one-dimensional heat conduction equation. By treating the
fuel laver as semi-infinite a well known analytical solution for the burning rate can be
obtained. The heat feedback from the flame to the surface as, a function of the pool
diameter, is obtained from an existing correlation and is incorporated into the
analytical solution. It is assumed that radiative heat is absorbed close to the fuel
surface and that the fuel boiling temperature remains constant before boilover. The
calculations agree well with experiments conducted with crude oil and heating oil, for
a number of pool diameters and for initial fuel layers greater that 10 mm thick. The
thermal diffusivity of water is significantly larger than that of the fuels used,
therefore, for fuel layers thinner than 10 mm heat conduction from the fuel to the
water layer has to be accounted when determining the burning rate. Theoretical
expressions were also correlated with emulsified and weathered crude oil, again good
agreement was obtained.
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INTRODUCTION

The buming of oil in water is of great interest as a result of off-shore
exploration, production and transportation of petroleum. This combustion
phenomenon may constitute a hazard, i.e. and accidental burning slick drifting
towards a platform, but it may also serve as a measure to minimize the environmental
damage of an oil spill. For example, the burning of crude oil slicks during the spring
break-up of Arctic ice has been proposed as the principal means of protecting the
fragile marine and shoreline environment in the Arctic from the worst effects of sub-
sea blow-out of an oil well during the winter months (Twardus and Brzustowski
(1981), Evans et al., (1990)).

The available information on this phenomena is quite limited. Even though
great effort has been devoted to the understanding of pool fires (Drysdale, 1985),
flame spread over liquid pools (Williams (1985), Ross (1994), Glassman and Dryer
(1981)) the specific issues related to a fuel burning over a liquid bed have deserved
little attention. Most of the work being related fires in fuel tanks and the phenomena
commonly referred as “boilover” (Ito et al. (1991), Arai et al. (1990)). Only a few
studies have dealt with the burning of a thin layer of fuel on a water bed. A good
summary of existing knowledge is provided by Evans et al. (1990), other more recent
studies will be mentioned throughout this work.

One of the issues that has been widely addressed is that of ignition. In an
attempt to provide an adequate methodology for ignition of oil-spills a review of the
ignition methods commonly used for oil spill clean-up was provided by Jason
(1989). Ignition source temperatures and successful ignition conditions have also
been a subject of interest (Bech et al (1993), Thompson et al. (1979)). A cone
calorimeter was used by Putorti et al. (1994) to quantify the heat flux necessary to
accomplish ignition of different fuels, in this work emphasis was given to the effects
of weathering and emulsification.

Assuming that the fuel layer is ignitable, one important issue of concern is
that of thin layer boil-over. The term “boilover” has been usually applied to a fire
scenario in which an open top tank containing burning crude oil, after a long period of
quiescent burning, shows a sudden increase in fire intensity associated with the
expulsion of burning oil from the tank (Henry and Klem, 1983). Recently, the term
boilover has also been applied to the burning of thin layers of fuel on the surface of
water in order to limit the spread of oil after leakage from a tanker or other spill
accident (Koseki and Mulholland (1991), Koseki et al., 1991). This scenario is
commonly referred as thin layer boil-over.

The problems linked to thin layer boilover are not only those related to the
uncontrolled nature of the combustion process. One of the main issues related to thin
layer boilover is the total fraction of fuel consumed during the burning process. After
flame extinction a residue of significantly different characteristics to the original oil is
left behind. It has been found that the fraction of fuel burnt before boil over starts
increases with the fuel layer thickness until it reaches a constant value for a thickness
greater than 10 mm (Garo et al, 1994). On the other hand the amount of fuel
consumed after the onset of boil over dramatically decreases with the fuel thickness
(Koseki et al., 1991). This phenomenon seems to be associated with the intensity of
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boilover, thick fuel layers lead to a “hot zone” formation that results in explosive
boilover and low fuel consumption, thinner layers follow a smoother transition
between pool like burning and boilover which leads to higher fuel consumption. The
issues related of thin layer boilover are of extreme importance when determining the
adequacy: of burning as an oil spill clean-up mechanism, nevertheless, the
fundamental knowledge in this area is very limited.

Geometrical considerations pertaining burning rate are of great importance
when considering the use of buming for oil spill cleanup. If the oil spill is not
contained, the fuel layer thickness decreases till self-sustained burning is no longer
possible. Typical values of the order of 0.5 mm have been identified as minimum
thickness that will self-sustain burning (Alramadhan et al. (1990), Arai et al. (1990)
and Garo et al. (1994)). The effect of fuel thickness, pool diameter and fuel boiling
point on the burning rate has also been studied by Garo et al.- (1994, 1996). Garo et al.
(1994) showed that the burning rate remains constant for fuel layers thicker than 10
mm and decreases, with the fuel thickness, for layers thinner than 10 mm.

One of the first attempts to model this type of problem was made by Twardus
and Brzustowski (1981), who developed a simple one-dimensional model to describe
the combustion of oil slicks on water. This model treats the burning process in a
similar way as that of a pool fire only incorporating a heat loss term from the fuel to
the water underneath. Heat losses from the fuel to the surface will increase as the fuel
layer thickness decreases, therefore a minimum bumning thickness can be established.
A minimum thickness of the order of 0.5 mm was found to be necessary for self-
sustained burning of crude oil. In a later model Brzustowski and Twardus (1982)
incorporated the effects of radiative absorption in the fuel and the effect of tilting by
the wind. In this model the fuel layer is considered infinite in length and therefore
the problem remains one-dimensional. The effect of the wind was only incorporated
in what concerns tilting of the flame, where a simple empirical correlation is used to
modify the radiative heat back from the flame (Pipkin and Sliepcevich, 1964) . The
heat flux from the flame was taken as a given parameter of the problem and therefore
no empirical verification of the quantitative results was provided in these works. A
more realistic model for radiative feedback and the effects of turbulent buoyant
motion were subsequently incorporated in the model by Alramadhan et al. (1990) but
emphasis was given to the regressing surface and the gas phase and no account for
heat transfer towards the water bed is made.

In this paper a simple heat conduction model is used to describe the pre-boil
over bumning rate of a crude oil and heating oil. The results from the model are then
compared with experimental results. The parameters varied are the pool diameter, the
fuel layer thickness, the weathering level and the percentage of water emulsified in
the fuel.

FORMULATION

Heat release rates from a pool fire has been documented extensively (Mc
Caffrey, 1979) and it has been found that the expression
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Q=p.C,(T.g (T, - T.)"d"

obtained from simple scaling analysis correlates well with values measured
experimentally. This expression has been previously used by Alramadhan et al.
(1990) to describe the effects of radiation on a liquid fuel burning on water. The total

heat release from the combustion process is denoted by Q, C, is the specific heat at
constant pressure and ambient temperature for air, T, is the ambient temperature, Tt
is and average flame temperature (for this work T, =1100K will be used

(McCaffrey, 1979)), g is the acceleration of gravity (g=9.81 m/s%), d (diameter of the
fuel pool) is the characteristic length scale p is the density and the sub-index <
stands for ambient conditions. .

It has been observed that a constant fraction of the energy released by the
flame is feedback to the fuel surface by radiation. The magnitude of the radiant
fraction is independent of the pool size and total heat release. It has also been
observed that a constant fraction of the total heat released is radiated towards the
outside environment (Cox, 1995). It is therefore, only natural to assume that the total
heat feedback from the flame to the fuel surface would be a constant fraction of the
total heat released by the flame. This constant fraction will be denoted as ,x.
Therefore the heat flux per unit area reaching the surface is given by

_ %p.C (T.g(T, =T, )»"d"
gy = P n‘ )

Heat transfer through the fuel and water bed will be assumed to be one-
dimensional, semi-infinite and controlled by conduction. These assumption requires
that fuel and water have similar thermal diffusivities (Arai et al (1990), Garo et al
(1994)). As it can be observed on Table 1, fuel and water have significantly different
thermal diffusivities and the thermal wave generally reaches the fuel/water interface
long before the flame extinguishes or boilover is attained. This assumption originates
a significant error, as it will be shown on the following sections, and a more accurate
result will only be obtained if fuel and water layers are treated independently. The
water can still be assumed as semi-infinite but the fuel layer needs to be treated as
layer of finite thickness that is a function of time. This case will be referred as the
“One-Dimensional Two Layer Conduction Model”.

Radiation through the fuel layer can be of importance (Alramadhan et al.
(1990), Brzustowski and Twardus (1982)) but for the fuels of interest it has been
demonstrated that most of the radiative heat flux is absorbed very close to the surface
(Garo, 1996). Natural convection inside the fuel and water layers can also represent

a significant heat transfer mechanism close to the fuel surface and significantly affect

processes such as flame spread but seem to play a minor role for steady burning
(Ross, 1994). For simplicity, this analysis will assume conduction to be the dominant
"heat transfer mechanism.
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General Statements

A schematic of the problem to be studied that applies to both cases is
presented in Figure 1. Assuming no convective motion and that radiation is all
absorbed at the surface, the following energy balance can be made at y=yg(t)

q¢ =Hyper()+q¢ (2)

. oT . ' . o
where q¢ =-A.— is the heat conducted into the fuel layer, Hy, is the latent
y=ys(t)
heat of vaporization, t is a specific time, T is the temperature, A is the thermal

conductivity, r(t)= %(ys(t)) is the regression rate, ys(i) is location of the fuel

surface at a specified time, and the sub-index F stands for fuel. For the entire
analysis it is assumed that the ignition source is strong enough that the surface
temperature is brought to Tg (vaporization temperature of the fuel) instantaneously.
The vaporization temperature is considered to remain constant throughout the entire
burning time. ’

ys(t)

! r(t)
FUEL
0
WATER
v
y

Figure 1. Schematic of the problem studied

One-Dimensional Single Layer Conduction Model

This analysis is an extension of the works of Arai et al. (1990) and Garo et al.
(1994). Details of the formulation will not be presented here and therefore, the reader
is referred to these works for further information.

The heat conduction equation for a one-dimensional semi-infinite element is
given by:

- o 3)
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with initial condition at
t=0, T=T,
and boundary conditions

y=y5(t), T=Ts
y—>o, T=T,

if o is the thermal diffusivity of the fuel and “r” is assumed to be constant then the
following expression for the temperature distribution can be obtained

T-T,

o exp(——— (¥ -5 (1)) | | @

® a’F

this expression will be valid if the thermal diffusivity of the fuel is approximately
equal to the thermal diffusivity of water (a; ~a,) or for a time period “t” earlier
than the characteristic time for the thermal front to reach the ‘fuel/water interface
(t<tc). Where t: can be derived by scaling equation (3)

2
¥s.i

te ¥ ———
Qg +ys'ir

where yg; is the initial thickness of the fuel ' layer. Knowing the temperature
distribution it is possible to calculate q¢ and by substituting in equation (1) an
expression for the regression rate can be calculated

r= an Pew Cp(Tuag(TF -Tao))”2 d1/2
T(Hyproe +Ap (Tg-T,))

&)

One-Dimensional Two Layer Conduction Model

The thermal diffusivity of water is in general significantly bigger than that of
the fuels of interest (Table 1), therefore, as soon as the thermal wave reaches the
fuel/water interface the water bed starts acting like a heat sink (t>tc). A full
description of this scenario is given by the following set of differential equations and
boundary conditions.

(6
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oy’ oy Ot

with initial condition at
t=0, T=T,
and boundary conditions

y=ys(t), T=T

+VY = Tlo
y=0,-2, 24 -, 8 T ) )
ayy'go' ayy.o-
y—>ow, T=T,

The use of equation (2) and a numerical solution of the differential equations
is necessary to obtain the corresponding temperature distributions and regression rate.
The data available in the literature, in general, provides only average regression rates,
therefore, only an order of magnitude comparison will be possiblé. In this work, these
problem statement will be used only to describe the discrepancies between the one-
dimensional single layer conduction model and the experiments.

-

Ts v (x10% Hy A p Cp o (x107)

(at20°C) (kJ/Kg) (at20°C) (at20°C) (at20°C) (at20°C)
(m%/s) (WmK) (kg/m’) (kIEK) (m%s)
Crude Oil 478 9.83 250 0.132 845 2.30 0.679
Heating Oil 538  5.31 377 0.137 844 1.90 0.854
Air . 0.159 . 0.026 1.16 1.00 225.0
Water 373 1.00 2257 0.590 998 4.18 1.414

Table 1 Properties

EXPERIMENT

The experimental apparatus, measurement methods and experimental
procedures are similar to those described by Garo et al. (1994, 1996) and therefore
will only be described briefly here. Pool burning tests of a layer of liquid fuel
floating on water were conducted in a large test cell vented by natural convection,
using stainless steel pans of 0.15 m, 0.23 m, 0.30 m and 0.50 m in diameter and 0.06
m deep. Experiments were conducted with pans of different depths to verify that the
results were independent of the pan depth. The pans were placed on a load cell to
measure the fuel consumption rate. The load cell had a response time of 60 ms and an
accuracy within +/- 0.5 g.

The thickness of the initial fuel layer vas varied from a maximum of 15 mm to
a minimum thickness of 2 mm. Before each test water was first poured in the pan and
next the fuel until it reached 1 mm below the pan lip, such that the location of the
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initial fuel surface was always constant. During the combustion process the location
of the fuel/water interface remained constant, therefore, the freeboard length increases
during the experiment. The freeboard length changes were found to have very little
effect on the steady-state burning rate.

A typical experiment can be described as a short unsteady ignition period
followed by a steady state burning period. During steady burning the surface
temperature increased slightly as the experiment progressed (lighter volatiles tend to
burn off first). The steady burning period was followed by thin layer boil-over
characterized by an increase in the burning rate as well as intense splashing of water
and fuel.

The fuels used were heating oil (a mixture of hydrocarbons ranging from C,,
to C,) and crude oil (63% Kittiway, 33% Arabian Light and 4% Oural).
Experiments were also conducted with aged fuels as well as different fuel/water
emulsions. Aging refers to the evaporation of the light components of the fuel that
results in significant changes of the fuel properties (density, viscosity, etc.), in the
laboratory it was accomplished by means of a mixer turning at 700 r.p.m. and
covering 75% of the horizontal cross section of the container. Mixing was conducted
for 4 different periods, 24, 48 and 72 hours. Fuel/water emulsion were obtained by
adding fixed quantities of water to the mixer and allowed to emulsify for no more
than an hour. Experiments were conducted with crude oil aged for 24 hours and
water contents of 10, 20, 30 and 40% in volume.

EXPERIMENTAL RESULTS

Details of the experimental observations can be obtained from Garo et al.
(1994, 1996) and Garo (1996) and will not be presented here. The discussion of the
results will be limited to what concemns the regression rate (r). Figures 2 and 3 show
the regression rate as a function of the initial fuel thickness (ys;). It has to be noted
that the values presented are averages but can be assumed as representative since
experimental conditions were set to achieve boilover before the regression rate started
to decrease with time. Figure 2 shows the regression rate for crude oil and Figure 3
for heating oil. It can be observed that for a fuel thickness greater than 8 mm the
regression rate reaches a constant value. For a fuel thickness below 8 mm the
regression rate decreases till no self-sustained burning can be obtained for less than 2
mm. The pool diameter has a significant effect on the regression rate which increases
with the pool size. The pool size does not seem to alter the effect of fuel layer
thickness, for all pool diameters the regression rate decreases for layers thinner than 8
mm. ~

The regression rate as a function of fuel layer thickness is presented in Figure
4 for crude oil weathered for 24 hours. The basic characteristics of the curves do not
seem to vary with the exemption of the magnitude. The regression rate of weathered '
crude oil is significantly slower than that of fresh oil, but weathering does not seem to
affect the shape of the curves. Experiments were also conducted for different
weathering periods and the results are presented in Figure 5. It can be observed that
as the weathering period increases the regression rate decreases, the most dramatic
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change occurring for the initial weathering period and reaching an almost constant
value as the weathering period extends over 72 hours.
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Figure 3 Regression rate for heating oil

Adding water to the fuel seems to have a similar effect on the regression rate.
As shown by Figure 6 addition of water slows the regression rate. Figure 6 shows the
regression rate as a function of the fuel layer thickness and the pool diameter for a
crude oil with 20% water content that has been weathered 24 hours. It can be noted,
from comparison with figure 4, that the regression rate further decreases when water
has been added to the fuel. Again, the shape of the curves does not change with
respect to Figures 2 and 4. The effect of water emulsification is more obvious on
Figure 7 where it can be observed that the maximum regression rate decreases as the
water content increases. The greatest effect occurs with the largest pool diameters.

DISCUSSION AND DATA CORRELATION

The data from Figures 2, 3, 4 and 6 was divided by the calculated regression
rate and is presented in Figures 8, 9, 10, and 11. For all data points a constant value
of ¥=0.03 was used. This value was selected to best fit the correlation for the
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constant regression rate zone for both fresh crude and heating oils. It is clear that the
assumptions implicit in the simplified model previously presented are adequate for
fuel layer thickness greater than 8 mm, where the predicted values are in excellent
agreement with the theory. The heat feedback from the flame behaves in a similar
way to a pool flame with no water bed, at least in the pre-boilover period. The
diameter dependence is, thus, eliminated by using the heat flux given by equation (2)
as boundary condition at the fuel surface. It is important to note that only
approximately 3% of the energy released by the flame is effectively fed back to the
fuel surface. It has been pointed out by many authors that the radiative feedback from
the flame to the fuel surface is of the order of 30% (Cox, 1995), therefore, heat losses
from the surface by conduction, convection and re-radiation have to account for the
discrepancy.
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Figure 5 Regression rate for crude oil as a function of weathering period
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Although the diameter dependency is eliminated, equation (5) fails to describe
the regression rate for initial fuel thickness smaller than 8 mm. It has been pointed
out by many authors (Brzustowski, and Twardus (1981), Alramadhan (1990), Arai et
al. (1990), Garo et al. (1994, 1996)) that the water bed acts as a heat sink. Since the
thermal diffusivity of the water is significantly greater than that of the fuel (Table 1),
as the fuel layer becomes thinner the overall thermal diffusivity increases. Heat
conduction through the fuel and water increases (q¢ ) and the overall fraction of the
total heat flux (¢ ) used to vaporize the fuel decreases. The resulting decrease in the
regression rate can eventually lead to extinction.
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Figure 7 Regression rate change with water content (24 hour weathered crude oil)

It is also of great importance to point out that the data for weathered and
emulsified crude oil also falls into one single curve when scaled by the predicted
regression rate (Figures 10 and 11). The same reasoning presented above applies for
these cases being the only difference the regression rate magnitude. Weathering and
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emulsification alter the thermal properties of the fuel and , thus, the magnitude of the
regression rate. By changing the efficiency constant (y) to fit the experimental data, a
practical way is found to incorporate the effect of weathering and emulsification on
the fuel properties. The variation of the efficiency constant as a function of the
weathering period and the water content is shown in Figures 12 and 13, respectively.
Figure 11 shows fast decrease of the efficiency constant () is observed initially that
later develops into a slow almost linear decrease. It is well known that the highly
volatile hydrocarbons will evaporate very fast, i.e. after less than 24 hrs the mass loss
of hydrocarbons with boiling points below 500 K (<C,;) has reached 95% and only
reaches total evaporation after 48 hours (Desmarquest, 1983). Heavier hydrocarbons
(C,,-C,5) tend to evaporate significantly slower reaching 100% mass loss only after
more than 10 days. The initial fast change in fuel properties results in an abrupt
decrease of y, followed by a less dramatic change that can be approximated by a
linear decrease. For emulsified fuels water addition will result in a linear decrease of
x (Figure 13). The properties of the emulsified fuel can be obtained by averaging the
fuel and water properties and, thus, is expected to change linearly. Addition of water
increases the latent heat of vaporization (Hy) and the thermal conductivity (Ag), the
former one almost by an order of magnitude and the latter almost five fold, the
thermal diffusivity (o) is also doubled (Table 1). From observing equation (5) it can
be concluded that the regression rate should decrease linearly while the flame can
supply enough heat to support fuel and water evaporation. Eventually the linear
dependency of y with the water content will break and extinction will follow.
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Figure 10 Non-dimensional regression rate (24 hour weathered crude oil)

CONCLUSIONS

A simple one dimensional heat conduction model has been used to describe
the regression rate of a fuel layer on a water bed. Crude and heating oil have been
used to test the validity of the model for a wide range of conditions. The model
describes accurately the regression rate for fuel layers thicker than 8 mm. Deviations
from the predicted values arise from the assumption that fuel and water have similar
thermal properties. For fuel layer thinner than 8 mm the higher thermal diffusivity of
water reduces the regression rate. The model accurately describes for all conditions
the pool diameter effect.
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A value for an efficiency constant , ¥, of 0.03 is obtained for both fuels under
all experimental conditions. The efficiency constant represents the fraction of the
energy released at the flame that will be retained by the fuel/water. The efficiency
constant seems to be fuel independent but this statement requires verification with
other fuels. o

Weathering and emulsification affect the fuel properties and, thus, the
regression rate. An increase in the weathering period and in the water content results
in a decrease in the regression rate. Although weathering and emulsification affect
the fuel properties, a practical way of incorporating this effect is by introducing this
dependency in the efficiency constant. It was found that after a sudden decrease, the
efficiency constant decreases linearly with the weathering period. A linear decrease
was also found with the water content.
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4. Ignition and Flame Spread and Mass Burning Characteristics of Liquid Fuels on
a Water Bed
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USA

Abstract

An experimental technique has been developed to systematically study the
ignition, flame spread and mass burning characteristics of liquid fuels spilled on a water
bed. The final objective of this work is to provide a tool that will serve to assess a fuels
ease to ignite, to spread and to sustain a flame, thus helping to better define the
combustion parameters that affect in-situ burning of oil spills. A systematic study of the
different parameters that affect ignition, flame spread and mass burning has been
conducted in an attempt to develop a bench scale procedure to evaluate the burning
efficiency of liquid fuels in conditions typical of oil spill scenarios. To study ignition and
flame spread, the Lateral Ignition and Flame Spread (LIFT) standard test method (ASTM
E-1321) has been modified to allow the use of liquid fuels and a water bed. Characteristic
parameters such as the critical heat flux for ignition, ignition delay time and flame spread
velocity as a function of the external heat flux have been obtained. A series of “fire
properties” corresponding to the fuel can be extrapolated from these tests and used to
assess the tendency of a fuel to ignite and to sustain flame spread. Mass burning has been
studied by determining the burning efficiency of different fuels () under conditions
where a simple one-dimensional heat conduction model describes the surface regression
rate.

1.0 Introduction

The burning of oil in water is of great interest as a result of off-shore exploration,
production and transportation of petroleum. This combustion phenomenon may constitute
a hazard, i.e. and accidental burning slick drifting towards a platform, but it may also
serve as a measure to minimize the environmental damage of an oil spill (Twardus et al.,
1981, Evans et al., 1990, Walavalkar ef al., 1996).

The available information on this phenomena is quite limited. Although great
effort has been devoted to the understanding of pool fires (Drysdale, 1985) and flame
spread over liquid pools (Williams, 1985, Ross, 1994, Glassman ef al., 1981) the specific
issues related to a fuel burning over a water bed have deserved little attention. Most of
the work being related to fires in fuel tanks and the phenomena commonly referred as
“boilover” (Ito et al., 1991, Arai et al., 1990). Only a few studiés have dealt with the
burning of a thin layer of fuel on a water bed. A good summaries of the existing
knowledge are provided by Evans et al. (1990) and Walavalkar and Kulkarni (1996).

In an attempt to provide an adequate methodology for ignition of oil-spills a
review of the ignition methods commonly used for oil spill clean-up was provided by
Jason (1989). Ignition source temperatures and successful ignition conditions have also
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been a subject of interest (Bech et al., 1990, Thompson et al., 1979). A cone calorimeter
was used by Putorti ef al. (1994) to quantify the heat flux necessary to accomplish
ignition of different fuel. In this work emphasis was given to the effects of weathering
and emulsification on the ignition delay time.

Assuming that the fuel layer is ignitable an important concern is thin layer boil-
over. The term “boilover” has been usually applied to a fire scenario in which an open
top tank containing burning crude oil, after a long period of quiescent burning, shows a
sudden increase in fire intensity associated with the expulsion of burning oil from the
tank (Henry et al, 1983). The term boilover has also been applied to the burning of thin
layers of fuel on the surface of water in order to limit the spread of oil after an accident
(Koseki et al, 1991a, 1991b). This scenario is commonly referred as thin layer boil-over.
Although somehow different in nature, both cases result from the onset of boiling
nucleation at the fuel/water interface and therefore, the time from ignition to the onset of
boilover correlates well with the time needed for the thermal wave to reach the water
(Garo et al., 1994).

Geometrical considerations pertaining to burning rate are of great importance
when considering the use of burning for oil spill cleanup. If the oil spill is not contained,
the fuel layer thickness decreases till self-sustained burning is no longer possible. Typical
values on the order of 0.5 mm have been identified as a minimum thickness for self-
sustain burning (Arai et al., 1990, Garo et al., 1994, Alramadhan ef al., 1990). The effect
of fuel thickness, pool diameter and fuel boiling point on the burning rate has also been
studied by Garo et al. (1994, 1996) who observed that the burning rate does not depend
on the initial fuel layer thickness for fuel layers thicker than 10 mm and decreases for
thinner layers.

One of the first attempts to model this type of problem was made by Twardus and
Brzustowski (1981), who developed a simple one-dimensional model to describe the
combustion of oil slicks on water. This model describes the burning process as that of a
pool fire with a heat loss term from the fuel to the water underneath. Heat losses from the
fuel towards the water will increase as the fuel layer thickness decreases, therefore, a
minimum thickness for self-sustained burning can be established. In a later model
Brzustowski and Twardus (1982) incorporated the effects of radiative absorption in the
fuel and the effect of tilting by the wind. A more realistic model that incorporates
radiative feedback and the effects of turbulent buoyant motion was subsequently
developed by Alramadhan et gl. (1990), emphasis was given to the regressing surface and
the gas phase and no account for heat transfer towards the water bed was made. Although
these simple theories obtain expressions for the burning rate and minimum thickness for
self-sustained burning, they all fail to describe the evolution of the burning rate as the
fuel thickness decreases below 10 mm.

A simple way to classify all studies relevant to in situ burning of an oil slick over
a water bed is by dividing the combustion process in its three different stages, ignition,
flame spread and self sustained burning (or mass burning). An external source of energy
will lead to ignition, which will be followed by the spread of the flame across the fuel
surface. Although flame spread might be an instantaneous process for many crude oils in
their natural state, the loss of highly volatile compounds, due to weathering, and the
presence of water in emulsions might lead to flame spread that needs to be assisted by
external radiation. For thin fuel layers, heat losses to the water bed, might lead to a
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similar situation. For these particular cases a minimum size might be necessary to provide
the necessary radiative heat feed back to self-sustain flame spread. Once the flame spread
process is self sustained mass burning will follow. For all three distinctive processes
boiling of the water bed underneath the fuel might occur and its effect on the
characteristics of the combustion process needs to be considered.

This work attempts to identify an ideal configuration in which the ease by which a
fuel can burn can be evaluated. The three aspects of the combustion process, ignition,
flame spread and mass burning will be studied in an attempt to obtain results that depend
only on the fuel. The results should be independent of specific burning characteristics and
geometrical constraints, and thus, extrapolation to a large scale should be possible.

2.0  Methodology

Fuel properties vary significantly when subject to a strong heat insult, therefore,
they need to be evaluated under fire conditions. Evaluation of the fuel “fire properties”
that are independent of the length scale will permit the ranking of fuels in their natural
state, weathered, emulsified and with additives and will allow the reduction of the
number of large scale experiments necessary to determine in-situ burning protocols and
procedures. By focusing on the fuel and introducing external radiation, large scale
conditions can be simulated (radiation feedback from the flame to the fuel increases with
length scale). It has to be noted that this is not a study of the burning characteristics but of
the fuel buming efficiency. Ignition and flame spread will be studied by using the Lateral
Ignition and Flame Spread Test (ASTM E-1321) and mass burning by observing the
regression rate under conditions where the characteristics of the flame can be predicted
adequately.

2.1 The Lateral Ignition and Flame Spread Test (ASTM E-1321)

The Lateral Ignition and Flame Spread Test (LIFT) provides characteristic “fire
properties” for ignition and flame spread. Results are normally presented on
“Flammability Diagrams” that provide ignition delay times and flame spread velocities as
a function of the external heat flux (or characteristic length scale of the fire). The LIFT
has the advantage that it allows for ignition and flame spread to be studied together which
provides a more realistic scenario than other test methods, such as the cone calorimeter.
The theoretical background behind this test method is extensive and more clear than for
other tests therefore it provides an adequate framework for the study of complex fuels
such as composite materials or crude oils.

2.1.1 Theoretical Background

The basis of the theoretical model behind this test method can be described as
ignition and flame spread as a result of inert heating of a thermally thick homogeneous
solid to an ignition temperature. The flame configuration applies to a flame spreading
into an opposed ambient flow which corresponds well to flame spread occurring in in-situ
burning. The fuel is considered thermally thick and its initial temperature and that of the
ambient is constant at T;. An inert fuel layer is assumed with negligible pyrolysis before

ignition, and an ignition temperature (Tjg) is employed as criterion for flame spread. The
position of the flame or pyrolysis front is identified by xf as where the surface
temperature has reached Tjg. Heat is transferred to the solid ahead from the pyrolysis
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front from the external source (q”(x,t)) and from the flame (q{ ). Flame heat transfer
ahead of the pyrolysis front is considered to occur over a region 8; with a uniform heat
flux of ¢f unaffected by q;(x,t). Although the flame heat flux is represented as a
surface heat flux, more general heat transfer effects could be considered without
changing the form of the final results.

The problem is analyzed by considering the heat transfer history, due to flame and
external fluxes, at the flame front x(t). This constitutes a conduction problem with an
arbitrary time varying heat flux q7(x,t) which depends on the position of the flame
front, x=x((t) , as well. The solution to this problem is readily derivable from results
given by Carslaw and Jaeger (1963) or by standard analytical techniques. An elaboration
of additional assumptions and the derivation of the solution are given by Quintiere

(1981). There it is shown that the transient solution for the flame spread velocity can be
derived from the following expression

qf 2 \/— ad, q"(xf,s)
T -T =
" hon ( 2 \V; h\/’£ )
~ = [a20c,.9) explatt - erfe(fa(t=5))ds
where
_dx
=t @

The characteristic time to reach thermal equilibrium can be expressed as 1/a where
a = o (h/k)?. Typically, a is of O(10-3) to O(10-2) s, and a8, /V, is of similar order of
magnitude.

The definition of “h” deserves special attention. The parameter “h” represents the
summation of the convective heat losses and the fraction of the external heat flux not
absorbed by the surface. Both heat loss terms can be expressed by h(Ti-T;) as a result of
a linear approximation to convective and radiative heat losses (Mikkola et al., 1989).

Equation (1) is then an integro-differential equation for the flame front position x.
The left-hand side represents the temperature rise required to sustain flame spread and the
right-hand side represents the sum of the temperature increases due to the flame heat
transfer, qf , and the heating imposed by the flux field, q7(x,t). Making the imposed
flux field independent of time will result in significant simplification of equation (1) and
of the experimental procedure, therefore, G5 will be considered only a function of x and
thus, equation (1) can be written as:

J— ad,

h(T,, - T;) - 4./(x, )[1 - exp(at)erfe(v/at)] = J—qf ( 2\, €)

2.1.2 The Ignition Mechanisms

The gas phase ignition of a solid combustible is generally the combined result of
an externally imposed heat flux (radiation and convection) that causes the gasification of
the solid, and the presence of conditions (in the gas or external to it) that will lead to the
onset of a sustained combustion reaction. If the reaction is initiated by an ignition source
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(open flame, electrical spark, flying ember, etc.), ignition is normally referred to as
piloted ignition. If ignition occurs without a pilot, the process is normally referred as
spontaneous, or auto, ignition. For both cases, when the solid combustible is suddenly
exposed to a sufficiently strong external heat flux ignition occurs after a certain time, this
time is commonly referred in the literature as ignition delay time. The ignition delay time
has been defined by Fernandez-Pello (1995) as:

tig = tp +tin Q)

where t; is a characteristic time for fuel gasification and t;, is a characteristic time for gas

phase ignition. The mechanisms leading to gas phase ignition under these circumstances
are complicated and difficult to predict. In a phenomenological way the process is as
follows: after fuel pyrolysis, the vapor (pyrolysate) leaves the surface, and is diffused and
convected outwards, mixing with the ambient oxidizer and creating a flammable mixture
near the solid surface. This period corresponds to the pyrolysis time and depends
uniquely on the material and the heating conditions. If the mixture temperature is
increased, either by heat transfer from the hot ambient gas, a pilot or any other
mechanism, the combustion reaction between the fuel vapor and the oxidizer gas may
become strong enough to overcome the heat losses to the solid and ambient, and become
self-sustained at which point flaming ignition will occur. This period corresponds to the
induction time and is derived from a complex combination of fuel properties and flow
characteristics. Under ideal conditions, introducing a pilot reduces the induction time
making it negligible when compared to the pyrolysis time. Thus, the fuel and oxidizer
mixture becomes flammable almost immediately after solid pyrolysis starts and therefore,
pyrolysis temperatures and times are commonly referred as ignition temperature and
ignition time (Quintiere, 1981, Quintiere et al., 1983, 1984).

if tin <<tp = tig=tp and Tig=Tp (5)

Although such a definition is not physically correct (Alvares ef al., 1971) it can be
very useful in some practical applications since it not only yields fairly accurate results
but also provides a reference parameter that could serve to characterize the ignitability of
a solid material. For most practical situations, the flow over the fuel surface will control
the mixing of fuel and oxidizer (tv) as well as the transport (tr) of this mixture towards
the pilot, therefore, can have a significant effect on ti, and on the validity of equation (5).
The relative effect of the flow on ti; will decrease as the characteristic velocity of the
system increases (characteristic time for mixing and transport decrease) and as 4
decreases (t, increases).

Before ignition, no heat is being supplied by the flame, ¢ =0, therefore, equation
(3) can be reduced to

h(T,, - T;) = q{(x;)[1-exp(at)erfc(at)] (6)

0.g» the system reaches thermal equilibrium

(Tgq) before the surface temperature arrives to the ignition temperature therefore no
ignition occurs and for t — oo equation (6) becomes:

for values of q!' lower than a critical value q
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a;
TEQ = Tl +Tl-

if Ty 2 T, , ignition is expected to occur and a critical heat flux for ignition can be
derived from equation (6) if Tgq=T} , and is given by:
qg,ig = h(Tp -T) 7

The practical implications of equations (6) and (7) are many. A characteristic
ignition delay time (t;g) results from equation (6). By assuming that

[1- exp(atyerfe(v/at)] ~ % (@) (for g7 >, then:
| =1(.‘1(_E_f2]2
®  4a q”

and used to attempt the prediction of t, (Putorti ef al., 1994). It needs to be noted that for
this expression to be valid, both mixing (tu) and transport (tr) times have to be

neglectable when compared to tp (t,, = t; <<t ). This will be satisfied best as the
external heat flux approaches the critical heat flux for ignition (4, ~ qg;, ) and t, —> .

®

e

This is important because it implies that the error incurred in the experimental
determination of t;;, (due to the unknown nature of the flow) will decrease as q”
" ”

approaches (g, . Therefore, qf;, is a property of the fuel that can be extrapolated,

independent of the flow. Instead, equation (8) could be extrapolated only if the
experimental conditions at which “a” and “h” where obtained satisfy the assumption that
ty ®ty << tp .
From equation (7) a value of “h” can be extracted from the experimental results

and is given by:

= q:),,ig 9

(T,-T) ®

As mentioned before, h(T,-T;) accounts for the total convective and radiative heat losses.
The relative importance of convective and radiative heat losses is extremely difficult to
determine, although, if the fuel requires a high external heat flux to ignite or the flow
velocity over the fuel surface is very low, it can be assumed that external radiation will be
the dominant element and heat losses could be effectively represented as a fraction of the
external heat flux that only depends on the fuel and is independent of the flow. For this
particular case, h, will become a property of the fuel that characterizes the fraction of the
incident heat flux that is absorbed by the fuel. Beyond a critical value, changes in the
flow velocity will affect the value of “h” and will serve to quantify the effect that a wind
might have on the ignition characteristics of a fuel.

2.1.3 Flame Spread
Once the flame is ignited and propagation starts all terms in equation (3) have to
be used to describe the temperature evolution of the solid. For most fuels of interest the
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term /ad. /V; <<1 and if the pilot is not started till the solid has been preheated to

thermal equilibrium, the time dependency is eliminated from equation (3) and the
following expression describes the flame spreading process

- VT .
va _ | __ N " _TY_g"
\Z [2 Gﬁiay}[h(ﬂg T)—q(x,)] (10)

N that U
J

), that V; — oo when q” =qy,;, » meaning that for an

+1 {
d, from equation (

external heat flux of qg;, the heat from the flame is not needed any more for the reaction

to propagate through the solid fuel. Under these conditions, the flame will
instantaneously establish over the entire heated surface.

2.1.4 Flame Extinction Mechanisms

The process leading to non-spreading and subsequent extinction of the diffusion
flame is the result of a complex combination of the flow field characteristics and fuel
properties with a finite chemical reaction. Solutions to the extinction problem have been
previously reported, and it has been demonstrated that an appropriate description
demands an elliptic resolution of the complete Navier-Stokes equations (Kodama et al.,
1987, Chen et al., 1986). Non-spreading or extinction of a flame occurs when the heat
generated by a finite chemical reaction (Frey ef al., 1979) added to the heat flux from an
external source can not balance the heat necessary to increase the temperature of the fuel
and oxidizer flow to that of the flame plus heat losses. Among the heat losses are those to
the geometrical boundaries, flame radiation to the environment and surface radiation
(McCaffrey, 1979).

The solution to equation (1) has a lower limit, V; =mad, , that, under the
condition of thermal equilibrium, yields a minimum external heat flux, dg, » necessary

for the flame to spread.
N AT q ;-’
qO,s =qe =h(Tig _Ti —_TC_ (11)

2.1.5 Summary

The above exposed theory represents the basis of an experimental procedure to
give a relative assessment of the “flammability” of a fuel (Quintiere, 1981, Quintiere et
al., 1983, 1984). Materials can be ranked based on three different principles, readiness to
pilot ignition, susceptibility to flame spread and extinction characteristics. The
experimentally obtained parameters should be environment independent so as to be
considered properties of the material.

By heating the combustible material with a constant heat flux till piloted ignition
occurs, a diagram of the characteristic ignition time can be obtained. From these

experiments the minimum heat flux for ignition (g7, ) can be extracted and, by using

equation (7), incorporated in equation (6) leading to
ar _ 1

a7, [1-exp(at)erfo(vat)]

(12)
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For simplicity, the approximate expression given by equation 8 can be used for q” > A0 -

Verification of the minimum external heat flux for ignition can be obtained by
conducting experiments with variable external heat fluxes of magnitude smaller than

;.- By substituting equation (7) in equation (10) the following expression is obtained
4ad,(q7)’

-t here ¢ = 220000 (13)
[qO,ig—qe] n

f

where ¢ is a material property determined from the experiments and qg;, can be obtained

by increasing the external heat flux till V; — oo , thus, by conducting ignition and flame
spread experiments the value for minimum heat flux for ignition can be verified.
Reducing the external heat flux will eventually lead to extinction, thus a minimum
velocity (Vemin) and external heat flux ({g ) for flame spread can be recorded. As

mentioned before qg, does not necessarily coincide with the minimum external heat flux
for flame spread predicted by equation (11).
Using the values of qg;, and qg, , obtained experimentally and equations (12)

and (13) a "flammability diagram" (Quintiere et al., 1983, 1984) can be obtained for each
material of interest. These diagrams, under known experimental conditions, will serve as
a useful way to assess and rank the fire performance of fuels and to identify the
parameters that dominate their fire characteristics.

2.2 Experimental Apparatus

2.2.1 TheLIF.T.

The experimental configuration used as starting point for the design of these
experiments is the Lateral Ignition and Flame Spread Test (L.I.F.T.) which is an ASTM
standard for the determination of material ignition and flame spread properties (ASTM-
E-1321, 1993). Details on the dimensions and geometrical characteristics of this
apparatus can be found in the above referred standard.

The procedure and theory behind this test was established by Quintiere et al.
(1981, 1983, 1984) and consists of two independent tests, a pilot ignition test and a lateral
flame spread test. For both tests the fuel sample is placed in front of a radiant panel (483
mm x 280 mm) forming an angle of 15° with the fuel surface with a minimal distance
between fuel and panel of 125 mm. The radiant panel provides a heat flux distribution to
the fuel surface which is almost constant where sample and specimen are closer and
decays as the distance between the panel and the sample increases. Characteristic heat
flux distributions can be found in references (Quintiere, 1981, Quintiere et al., 1983,
1984, and ASTM Standards, 1993). The ignition specimen (155 mm x 155 mm) is placed
in the region of nearly uniform heat flux and the full sample (155 mm x 806 mm) is used
to study the effect of external radiation on lateral flame spread. Recent tests with PMMA
have shown that the fuel sample size can be significantly reduced without any significant
changes (Cordova et al., 1997) in the “fire properties” this observation has motivated the
reduction of the sample size for the experiments to be conducted with liquid fuels.

2.22 The HIF.T.
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The experimental apparatus described above has been used to study the ignition
and flame spread characteristics of liquid fuels on a water bed. The L.I.F.T. hardware had
to be significantly modified for this purpose. Figure 1 shows a schematic of the modified
hardware. Since both the panel and fuel tray are, in this case, horizontal, the modified
hardware is commonly referred as H.I.F.T. (Horizontal Ignition and Flame Spread Test).
This geometrical configuration has been previously used to study materials from which
the vertical configuration was not convenient (Motevalli et al., 1992).

When the fuel sample is placed parallel to the gravity vector natural convection
serves to transport the fuel towards the pilot flame. By placing the sample horizontally
the dominant direction for the flow is lost. This change in geometry imposes significant
disadvantages to the study of ignition. Natural convection over a horizontal hot surface is
much more complex than a vertical natural boundary layer and makes ignition more
susceptible to environmental changes and to geometry. For the L.LF.T. the pilot flame
can be placed away from the sample, since buoyancy will carry the pyrolysis products
towards the pilot In the absence of a forced flow (for the H.LLF.T.) it is necessary to place
the pilot directly above the fuel surface. Many studies have shown that although pilot
flames are the most consistent mechanism for ignition they tend to enhance local
evaporation (Ross, 1994, Glassman et al., 1981) therefore spark ignition is generally
preferred (Putorti e al., 1994). A number of different pilot locations have been tested to
try to show this effect and the results will be presented in following sections. A detailed .
study that involved changes in pilot location, flow structure and tray geometry lead to the
configuration shown in figure 1.

pparatus

including a sm B((}nduces, by
elocity of 0.1 m/s. The pilot ed from the fuel
ided. A st s created simulating the
W.I.F.T. 500 mm
100’mm

2.3 Mass Burning

]’lgnition fue! tray (100 x 100 x 100 mm [ Flame spread fuel tray ]
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A simple way to assess the relative potential of a fuel to sustain mass burning is
by using a burning efficiency (%) extracted from a simple one-dimensional heat
conduction model under conditions where the flame characteristics are known. The
model relies on the concept that a fraction () of the energy released by the flame is
effectively used to support burning of the fuel. The higher the value of y the more
effective the combustion process. The value of y is independent of the geometry (size,
fuel layer thickness, etc.) and is only a function of the fuel. This value represents the
mass burning efficiency of the fuel, is independent of the ignition and flame spread
parameters and serves as a complement to the H.I.F.T. data.

2.3.1 Formulation

Heat release rate from a pool fire has been documented extensively (Drysdale,
1985, Cox, 1995, Garo, 1996) and it has been found that the expression

Q=p.C,(T.g(T;~T,)"d"

correlates well with values measured experimentally (Alramadhan ef al., 1990). The total
heat release from the combustion process is denoted by Q, C, is the specific heat at
constant pressure and ambient temperature for air, T, is the ambient temperature, T¢is an
average flame temperature (for this work T; = 1100 K, Cox, 1995), g is the acceleration
of gravity (g=9.81 m/s%), d (diameter of the fuel pool) is the characteristic length scale, p
- is the density and the sub-index oo stands for ambient conditions.

The net heat fed back to the fuel represents a small fraction of the total heat
release, this fraction () has been found to be independent of the pool diameter (Drysdale,

1985, Cox, 1995) and thus, the heat flux per unit area reaching the surface can be
expressed as

4 mep(Tnog (Tf _Tno ))1/2d1/2

9s =% (14)
T

If conduction is assumed to be the dominant heat transfer mechanism and if the
thermal wave has not reached the fuel/water interface the fuel can be considered as semi-
infinite and an expression for the temperature as a function of time and position can be
obtained. This treatment can also be used when fuel and water have similar thermal
diffusivities (Arai et al., 1990, Garo et al., 1994). This case will be referred as the “One-
Dimensional Single Layer Conduction Model”. If fuel and water have significantly
different thermal diffusivities and the thermal wave has already reached the fuel/water
interface, fuel and water layers need to be treated independently. The water can still be
assumed as semi-infinite but the fuel layer needs to be treated as a layer of finite
thickness. This case will be referred as the “One-Dimensional Two Layer Conduction
Model”.

Radiation through the fuel layer can be of importance (Alramadhan et al., 1990)
but for the fuels of interest it has been demonstrated that most of the radiative heat flux is
absorbed very close to the surface (Garo, 1996). Natural convection inside the fuel and
water layers can significantly enhance heat transfer close to the fuel surface but seems to
affect only weakly steady burning for highly viscous fuels (Ross, 1994). The importance
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of natural convection decreases with viscosity and its effects can be neglected for those
fuels relevant to this study, this is not the case for less viscous fuels (i.e. octane, xylane,
etc.) (Garo ef al.,1996). For simplicity, this analysis will assume conduction to be the
dominant heat transfer mechanism.

Assuming no convective motion and that radiation is fully absorbed at the surface,
the following energy balance can be made at y=ys(t)

qs = Hyper(t)+4¢ (15)

where q¢ =-A; —QI is the heat conducted into the fuel layer, Hy is the latent heat

y=ys(t)
of vaporization, t is a specific time, T is the temperature, A is the thermal conductivity,

r(t)= % (ys (1)) is the regression rate, ys(t) is the location of the fuel surface at a

specified time, and the sub-index F stands for fuel. For the entire analysis, it is assumed
that the ignition source brings the surface temperature to Ts (vaporization temperature of
the fuel) instantaneously. The vaporization temperature is considered to remain constant
throughout the entire burning time.

2.3.2 One-Dimensional Single Layer Conduction Model

This analysis is an extension of the works of Arai ef al. (1990) and Garo et al.
(1994). Details of the formulation will not be presented here and therefore, the reader is
referred to these works for further information.

The heat conduction equation for a one-dimensional semi-infinite element is
given by:

2
IT_1at a6
Oy® o Ot
with initial condition at
t=0, T=T,
and boundary conditions
y=ys(), T=T;
y—>oo, T=T,

if af is the thermal diffusivity of the fuel and “r” is assumed to be constant then the
following expression for the temperature distribution can be obtained

T-T, _ _r .
T = e (s 0) a7)

this expression will be accurate if the thermal diffusivity of the fuel is approximately
equal to the thermal diffusivity of water (a; ~ ay,) or for a time period “t” earlier than
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the characteristic time for the thermal front to reach the fuel/water interface (t<tc). The
characteristic time, tc, can be derived by scaling equation (14)

2
Ys.i

t.~ ———
C
Ap +ys’ir

where ys;; is the initial thickness of the fuel layer. Knowing the temperature distribution it

is possible to calculate q¢ and by substituting in equation (15) an expression for the
average regression rate can be calculated.

2.3.3 One-Dimensional Two Layer Conduction Model

The thermal diffusivity of water is significantly bigger than that of the fuels of
interest and as soon as the thermal wave reaches the fuel/water interface, the water bed
starts acting like a heat sink (t>tc). A full description of this scenario is given by the
following set of differential equations and boundary conditions.

o*T 1 0T
— = (18)
oy ap ot
T 1 4T
— = (19)
oy oy Ot

with initial condition at

t=0, T=T,

and boundary conditions

y=0-2, 0 =a, T
o0 Yoyl
y—>o©, T=T,

The use of equation (15) and a complex solution of the equations (18) and (19) is
necessary to obtain the corresponding temperature distributions and regression rate. The
data available in the literature generally provides only average regression rates, therefore,
only an order of magnitude comparison will be possible. A simplified approach that
incorporates the main physical characteristics is, thus, used to solve the above system of
equations in place of a numerical solution.

The average regression rate has been reported of the order of 10”° my/s (Garo et al.,
1994) and the thermal diffusivity for the liquids of interest is small, therefore, at each
stage of the regression process only the steady conduction equation needs to be solved.
The resulting temperature profiles are linear and an equivalent thermal diffusivity can be
obtained. The equivalent thermal diffusivity results from matching the thermal
penetration distance through a two layer bed with thermal diffusivities ar and aw and the
thermal penetration distance in one single layer of thermal diffusivity agq. The
characteristic length for the fuel layer will be ys; and the average regression rate, 1, is
assumed to be constant. From equations (18) and (19):
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The use of an equivalent thermal diffusivity enables formulation of the problem with one
differential equation. The single differential equation corresponds to equation (16), where
ar has been substituted by ozq and the following expression for the average regression

rate (r) is obtained:
1 {){4 P Cp(ng(TF—Tm))"szm __ A (T -T,)

Hypg YS,.'(\/&:"'\/E;)Z

Equation (20) aithough simpie and approximate provides an engineering tool that could
be of great practical use.

r=

(20)

L

2.3.5 Experimental Apparatus

The experimental apparatus, measurement methods and experimental procedures
are those described by Garo et al. (1994, 1996) and therefore will only be described
briefly here. Pool burning tests of a layer of liquid fuel floating on water were conducted
in a Jarge test cell vented by natural convection. Fuel and water were placed in stainless
steel pans of 0.15 m, 0.23 m, 0.30 m and 0.50 m in diameter and 0.06 m deep. Some
experiments were conducted with pans of different depths to verify that the results were
independent of the pan depth. The pans were placed on a load cell to measure the fuel
consumption rate. The load cell had a response time of 60 ms and an accuracy within +/-
0.5g.

3.0 Experimental Results and Discussion

3.1 Ignition

To calibrate the H.ILF.T., SAE 30 W oil was used for ignition and flame spread
tests. This fuel was used to make possible comparison with previously reported results on
ignition delay time (Putorti et al, 1994) and also because the of its high flash point
(approximately 250°C). A higher flash point results in a longer ignition delay time
providing a longer period to observe the different flow structures formed inside the liquid
fuel and on the gas phase. Radiation absorption is also lower with SAE 30 oil favoring
boiling of the water bed. Although the viscosity of SAE 30 oil is generally higher than
that of crude oils, it is very sensitive to temperature (approximately 1x107 at 0°C and
1x10 at 100°C) reaching comparable values after only a small temperature increase.

To assess the effect of the geometry on the ignition delay time different
configurations were tested. Two different trays were used, a first tray with a 5Smm lip
surrounding the entire upper edge of the tray and a second tray where the lip was
eliminated. Both trays were tested with and without a flush floor.

The main assumption regarding the theoretical models presented above is that the
fuel will behave as a semi-infinite solid. The same methodology could still be applied if
that was not the case but the solution will acquire unnecessary complications. It has been
previously observed that the container has significant effects on the formation of
recirculation currents inside the liquid. These recirculation currents enhance heat transfer
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inside the liquid resulting in a more homogeneous temperature distribution (Venkatesh et

al., 1996) and in longer ignition delay times. Eight chromel-alumel thermocouples (0.5
mm in diameter) where placed in the liquid with the tip at the center of the tray to veri

£
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the effects of heat transfer from the tray towards the fuel. The thermocouples were placed
at different depths and spaced to provide a finer grid close to the surface and to cover the
entire depth of the tray.

Radiative heat flux from the panel increases the temperature of the fuel but also of
the container. The inclusion of a 5 mm lip surrounding the upper edge of the tray
increased the solid surface receiving radiation from the panel. The temperature of the
upper part of the lip tray was observed to be significantly higher than that observed for
the no-lip tray. Thermocouple measurements in the liquid showed that fuel surface
temperature was consistently higher for the no-lip tray, while the temperatures recorded
deeper in the fluid were higher for the lip tray.

Ignition was consistently observed when the surface temperature attained 254°C.
Experiments using the no-lip tray will attain this surface temperature faster than those
using the lip tray. Therefore, ignition delay times for experiments using the 5mm interior
lip tray were 30% slower than that those corresponding to similar tests with the tray that
had no-lip. Despite identical fuel layer thickness and external heat flux, boiling occurred
only in the lip tray. '

Conduction into the metal walls of the container was suspect of the dramatic
ignition delay time differential. A fine metallic powder was used to coat the surface of the
sample in both trays. Observations of the flow in the lip tray indicated increased eddy
activity of the fuel layer. By selecting the no-lip configuration, effect of conduction
through the boundaries was minimized.

It has been shown by Kolb et al (1997) that the flow surrounding the flame has a
significant effect on the structure of the entrained air, this might lead to significant
differences in the ignition delay time as well as on the flame height, once the flame is
established. The importance of the mixing (tw) and transport times (tt) with respect to the
pyrolysis time (t,) was assessed above. When the hot surface is placed horizontal,
characteristic flow velocities are very low, therefore, ty and tr can be expected to have a
significant effect on the ignition delay time therefore, there is a need to observe the flow
characteristics.

To study the air entrainment into above the fuel sample, a 2W red diode laser
(SDL-820) was used to create a light sheet for visualization of the smoke emerging from
the fuel surface. The images have been processed using an EPIX video card. A threshold
value was established below which all pixels where assigned a 0 value, to obtain a more
clear image of the flow structure, as evidenced by the smoke. The threshold value is
arbitrary and is chosen with the single purpose of eliminating all background images.
Figures 2 and 3 are two typical images.

In the absence of a flush floor both trays displayed identical air entrainment and
gaseous fuel evolution patterns. Clear eddies could be observed at the edges of the tray
(figure 2), as observed these eddies grow to cover the entire surface of the fuel tray.
When a floor surrounded the tray the eddies disappeared and a random flow of gases was
observed (figure 3). The absence of eddies (for the flush floor case) deters the mixing of
fuel and oxidizer at the surface and as a consequence the ignition delay time increased by
approximately 20% over experiments conducted with no floor. By introducing a 0.1 m/s
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flow parallel to the surface a boundary layer is formed and the all eddies were eliminated.
By introducing the forced flow ty and tt are reduced significantly and t;; approaches tp.
The choice of a small velocity (0.1 m/s) is not arbitrary, as the velocity increases the
convective component of “h” increases and will have an effect on the value of the critical
heat flux for ignition. This issue will be discussed below.

Figure 2. Smoke Visualization for a Tray with No-Lip and No Flush Floor.

Figure 3. Smoke Visualization for a Tray with No-Lip and Flush Floor.

Premature ignition can be caused by a pilot flame and if the pilot needs to be
placed over the fuel surface, it can only be reduced by decreasing the unaccountable
radiation from the pilot to the surface. A small propane diffusion flame established on a 4
mm diameter stainless-steel nozzle was used as a pilot. The pilot size was change and its
effect on the ignition delay time recorded, it was observed that for a specific location on
the fuel surface, no change in the ignition delay time could be observed for pilots smaller
than 10 mm, instead extinction of the pilot was commonly seen when fuel ignition
occurred. The distance from the fuel surface was observed not to affect the ignition delay
time between 10 and 20 mm, decreasing if the pilot is placed closer and increasing as the
distance goes beyond 20 mm:. It was therefore concluded that the heat contributed by a 10
mm pilot flame at a distance of 10 mm from the surface can be considered negligible.
This size and distance from the surface was used to vary the pilot location. The pilot was
placed at the center of the tray, at the edges, corners and 10 mm outside the tray.
Significant differences among ignition delay times were observed for different pilot
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locations. Changing the pilot location has no effect on t, , for pilot flames smaller than 10
mm and more than 10 mm away from the fuel surface, but directly affects the delay for
the fuel and oxidizer to reach the pilot, having therefore relating directly to tp and tr .

- A set of characteristic values is presented in Table 1 to show typical ignition delay
times for fixed heat flux (14 kW/m?) and fuel bed characteristics (SAE 30, layer
thickness:10 mm). All values presented are averages of no less than 5 tests. It can be
noted that the ignition delay time is a strong function of all the parameters shown in
Table 1. It was concluded that a stable laminar flow is necessary, both to eliminate the
need to keep the pilot flame over the fuel surface and to create a robust flow structure that
can be considered independent of the environment. A series of experiments were
conducted in this configuration, for different heat fluxes, pilot sizes and pilot location and
in all cases the ignition delay time remained inside a 7% deviation from the mean.

Time (sec)
Pilot Location | No-Lip Tray Lip Tray No-Lip Tray Lip Tray
(with no floor) | (with no floor) | (with floor) (with floor)
0 mm 342 777 1075 1470
50 mm 455 820 415 727
100 mm 510 830

Table 1. SAE 30 Weight Oil Ignition Tests at 14 kW/m?

The results from these experiments are presented in Figure 4 together with data
obtained for the same fuel by Putorti ef al. (1994). The ignition delay time is presented as
12, following equation (8). It can be observed that, although the ignition delay time
significantly differs from the values found by Putorti et al. all data converges to a unique
critical heat flux for ignition. Since these experiments where conducted using different
ignition procedures and under significantly different environmental conditions, tm and tr
are expected to be different, thus, affecting the ignition delay time. On the contrary, t,
should not be affected if convective losses are similar in magnitude or can be neglected.

As the external heat flux approaches qg;, , tm and tt become neglectable compared to t,

and all data converges to a unique point (qg;, ~ 6 KW/ m?), as observed in Figure 4.

This observation implies that convective losses are either similar or neglectable for both
cases, increasing the value of the forced flow will enhance the convective heat losses and
will result in a shift of q}. . Due to the low velocities characteristic of this particular

0,ig
configuration, convective heat losses are expected to be negligible, but verification by
systematic variation of the velocity still needs to be done.

For the particular case of an oil-slick on a water bed, the water underneath the fuel
might attain boiling before ignition occurs. Heating of the bed can be treated as a semi-
infinite solid and temperature distributions can be predicted quite accurately (Garo et al.,
1994). The analytical prediction of a characteristic time to boiling goes beyond the scope
of this work, but the determination of a minimum heat flux that will lead to boiling ({gy
before ignition can occur is of great practical importance therefore needs to be included
as a complement to the critical heat flux for ignition.
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Figure 4. Ignition Delay Time for Different External Heat Fluxes (SAE 30W oil) (The
delay times from reference (Putorti et al., 1994) were extracted as an average of
the values obtained for 43 mm, 15 mm and 10 mm fuel layers).

As the external heat flux decreases the temperature gradient at the surface
decreases and thermal penetration increases before the surface attains T,. If the thermal
wave can increase the water temperature at the fuel/water interface to the boiling point
before the surface reaches T, boiling will prevent ignition from occurring. The minimum
heat flux that will allow the surface temperature to reach T, before boiling is given by
4o and presented in figure 5. Under the assumption that convective heat losses are
negligible, qg 5 can be considered independent of the environmental conditions and only
a property of the fuel and the fuel layer thickness. Figure 5 shows the progression of qgy
as a function of the fuel layer thickness. As the fuel layer decreases in thickness, the heat
wave will reach the water faster allowing for a shorter available time for the surface to
reach Tp and consequently requiring a higher temperature gradient at the surface (higher
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Figure 5. Critical Heat Flux and Time for Boiling (SAE 30W oil)
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To further demonstrate the validity of this experimental methodology a series of
tests were conducted with Cook Inlet crude oil. Figure 6 shows these results and other
obtained for ANS crude oil by Putorti et al. (1994). The data presented for the Cook Inlet
crude oil is an average of at least five experiments conducted under identical conditions.
It was observed that Cook Inlet crude oil in its natural state ignited at ambient
temperature, therefore no external heat flux was necessary, when evaporated to a 10%
mass loss §g;, increased to approximately 6.5 kW/m? showing a significant increase in

the difficulty to ignite. The critical heat flux for ignition extrapolated from Putorti ef al.
(1994) for ANS crude oil (evaporated to a 30% mass loss) was approximately 2.5 kW/m?
indicating greater ease of ignition than Cook Inlet crude oil (10% evaporated) and being
more difficult to ignite than the same oil in its natural state.

03 . -
d * .’.
025 4 o
02} ]
(17 - -~ ot
s >’ ’ L
s'? 015 ¢ _.-" = A & Cook Inlet Crude Oil (3 mm thick)
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005 § L & 30%Evaporated ANS Crude Oil
S (Putorti [13))
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External Heat Flux (kW/mz)

Figure 6. Ignition Delay Time for Different External Heat Fluxes.

3.2  Flame Spread

Several flame spread tests were conducted with SAE 30 W oil to validate the use
of the H.I.F.T. It was observed that flame propagation transitions from a continuous
flame spread mode, for the higher heat fluxes, to a pulsating mode as the external heat

flux decreased. For q” < 6 kW/m? propagation ceased. Figure 7 shows a series of
characteristic results for SAE 30W oil for different fuel layer thicknesses. It can be noted
that flame spread regime significantly exceeds 4g,,, specially for thinner fuel layer

thickness. The flame spread velocity corresponding to a specific external heat flux
increases with the fuel layer thickness showing that the fuel layer thickness has a
significant effect on the propagation velocity. Further testing is still required to fully
clarify this phenomena. Flame spread over liquid is a complex phenomena that is
significantly affected by surface tension and buoyancy driven flows (Ross, 1994,
Glassman et al., 1981), the basic criteria presented in equation (13) has been
demonstrated to be a viable way to determine the propensity of a fuel to sustain flame
spread.
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Figure 7. Flame Spread Velocity for Different External Heat Fluxes (SAE 30W).

3.3  Mass Burning

The thickness of the initial fuel layer was varied from a maximum of 20 mm to a
minimum thickness of 2 mm. Before each test water was first poured in the pan and next
the fuel until it reached 1 mm below the pan lip. During the combustion process the
location of the fuel/water interface remained constant, therefore, the freeboard length
increases during the experiment. The freeboard length changes were found to have very
little effect on the steady-state burning rate. '

A typical experiment can be described as a short unsteady ignition period
followed by a steady state burning period. During steady burning the surface temperature
increased slightly as the experiment progressed (lighter volatile tend to burn off first).
The steady buming period was followed by thin layer boil-over characterized by an
increase in the burning rate as well as intense splashing of water and fuel. It is important
to note that steady burning was followed by boilover and not extinction, therefore, no
sudden decrease of the mass burning rate was observed.

The fuels used were heating oil (a mixture of hydrocarbons ranging from C,4 to
C21) and crude oil (63% Kittiway, 33% Arabian Light and 4% Oural). Experiments were
also conducted with weathered fuels as well as different fuel/water emulsions.
Weathering refers to the evaporation of the light components of the fuel that results in
significant changes of the fuel properties (density, viscosity, boiling temperature, etc.), in
the laboratory it was accomplished by means of a mixer turning at 700 r.p.m. and
covering 75% of the horizontal cross section of the container. Mixing was conducted for
3 different periods, 24, 48 and 72 hours. Fuel/water emulsions were obtained by adding
fixed quantities of water to the mixer and allowed to emulsify for no more than an hour.
Experiments were conducted with crude oil aged for 24 hours and water contents of 10,
20, 30 and 40% in volume.

Equation (20) has been used to calculate the average regression rate (rr) for crude
oil. The average regression rate matches well qualitatively and quantitatively the
experimental values (rg). The regression rate is almost constant for ys;> 8mm and
decreases dramatically with the fuel layer thickness for ys; < 8mm. For all data points a
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constant value of 5 = 2.9 x 10~ was used. The value of ¥, was selected to best fit rr with
the experimental data for the constant regression rate zone.

Experimentally obtained average regression rates for heating oil, fresh crude oil,
24 hour weathered crude oil and 24 hour weathered and emulsified crude oil (20% water
content) were divided by the calculated regression rate (rg/ry) to provide an indication of
the error associated with the assumptions used to model the average regression rate. The
data was obtained for different pan diameters and is a function of the initial fuel layer
thickness (ys,i) and is presented in figure 8. The predicted values are in excellent
agreement with the theory for initial fuel layer thickness greater than 5 mm, for thinner
fuel layers the error increases reaching, in the worst of cases, values close to 50%. This
error 1s justifiable due to the great uncertainty present when conducting experiments with
very thin fuel layers and to the average nature of the regression rates presented. The value
of y had to be adjusted to ¥ = 3.9 x 10™ for heating oil, to x = 2.4 x 107 for 24 hour
weathered crude oil and to 3 = 1.8 x 107 for 24 hour weathered and emulsified crude oil
(20% water content).

2
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Figure 8. Experimental to Theoretical Regression Rate Ratio for Different Fuels and Pan
Diameters

The heat feedback from the flame behaves in a similar way to a pool flame with
no water bed, at least in the pre-boilover period. The dependence on the diameter and
initial fuel layer thickness is, thus, well described by the heat flux obtained from equation
(14). The use of a net heat flux as a boundary condition at the fuel surface seems also to
be appropriate. It is important to note that only approximately between 0.18 % and 0.39
% of the energy released by the flame is effectively fed back to the fuel surface. The
above values of y seem comparable to data presented by Arai et al. (1990) but no data
obtained under similar experimental conditions has been found to verify these
magnitudes.

As previously pointed out by many authors (Arai ef al., 1990, Garo et al, 1994,
1996, Alramadhan et al., 1990) the water bed acts as a heat sink. The thermal diffusivity
of water is significantly larger than that of the fuel thus, as the fuel layer becomes thinner,
the overall thermal diffusivity increases. Heat conduction through the fuel and water

increases ( q¢ ) and the overall fraction of the total heat flux (qg ) vaporizing the fuel
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decreases leading to a decrease in the regression rate that can eventually result in
extinction (ys; <2 mm).

The data for weathered and emulsified crude oil is also well described by the
predicted regression rate. The same reasoning presented above applies for these cases,
being the only difference the regression rate magnitude. Weathering and emulsification
alter the thermal properties of the fuel and , thus, the magnitude of the regression rate. By
changing the efficiency constant () to fit the experimental data, a practical way is found
to incorporate the effect of weathering and emulsification on the fuel properties. The
variation of the efficiency constant as a function of the weathering period and the water
content is shown on figures 9 and 10, respectively.
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Figure 9. Efficiency Factor as a Function of Weathering Time

Figure 9 shows that initially the efficiency constant () decreases fast, followed
by less significant changes till it reaches an almost constant value (y =2 x 10°). Itis
well known that the highly volatile hydrocarbons will evaporate very fast, i.e. after less
than 24 hours the mass loss of hydrocarbons with boiling points below 500 K (<Cy,) has
reached 95% and only reaches total evaporation after 48 hours (Demarquest, 1983).
Heavier hydrocarbons (C;;-Cas) tend to evaporate significantly slower reaching 100%
mass loss only after more than 10 days. The initial fast change in fuel properties results
in an abrupt decrease of 7, followed by an almost negligible change rate.
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Figure 10. Efficiency Factor as a Function of the Water Content (emulsification)
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For emulsified fuels water addition will result in an almost linear decrease of
(figure 10). The properties of the emulsified fuel change significantly with the water
content and, as shown by equation (20), this will have a significant effect on the average
regression rate . The way in which emulsification affects the fuel properties is not fully
understood but it is well known that properties such as the density vary in an almost
linear way with the water content (p(emulsified fuel)=(1-water fraction)pg+(water
- fraction)pw) and other properties, such as viscosity, increase in a non-linear way.

Although the efficiency constant () does not provide a real explanation to the
effects of weathering and emulsification on the average regression rate it serves to
quantify the flammability of the fuel independent of the pool size and fuel layer
thickness. The relationship between the fuel properties and the efficiency factor goes
beyond the heat transfer and evaporation mechanisms controlling the burning rate and a
complete explanation will require a comprehensive study that will include the effects of
weathering and emulsification on the flame chemistry and radiative feedback. In detail
analysis of these relationships go beyond the scope of this work.

4.0 Conclusions

The methodology to assess the burning characteristics of a liquid fuel on a water
bed has been presented and verified with different fuels, weathering conditions and water
content. Three different and complementary tests are deemed necessary to characterize -
the three different regimes of the burning process: ignition, flame spread and mass
burning.

For ignition; the critical heat flux for ignition as identified in ASTM E-1321 was
found to be the parameter that better describes the capability of a fuel to ignite. The
critical heat flux for ignition was found to be independent of the geometry and flow
conditions and a parameter that could be extrapolated to attempt the characterization of
the ignition for more realistic length scales. The minimum heat flux for ignition needs to
be accompanied by a minimum heat flux that will lead to boiling of the water bed. The
ignition delay time, although a relevant parameter of the ignition process, was found to be
dependent of the experimental conditions, and thus, difficult to extrapolate to a different
scale.

For flame spread; the minimum external heat flux that will sustain propagation
together with the parameter ¢ (function of the fuel properties) will serve to describe the
flame spread characteristics. The complexity of flame spread over liquid fuels makes
necessary further validation of this experimental approach.

For mass burning; the efficiency factor, 7y, serves as unique parameter to
characterize the regression rate during the mass burning process. % is a property of the
fuel that can be extrapolated to different scales and environmental conditions but should
be evaluated under conditions where is independent of the flame diameter and the fuel
layer thickness. The validity of this approach is constrained to the pre-boilover regime
and the assessment of its relevance to the time for the onset of boilover requires further
experimentation.
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Abstract

An experimental technique has been developed to systematically study the
ignition, flame spread and mass burning characteristics of liquid fuels spilled on a water
bed. The final objective of this work is to provide a tool that will serve to assess a fuels
ease to ignite, to spread and to sustain a flame, thus helping to better define the
combustion parameters that affect in-situ burning of oil spills.

Introduction

A simple way to classify all studies relevant to in situ burning of an oil slick over
a water bed is by dividing the combustion process in its three different stages, ignition,
flame spread and self sustained burning (or mass burning). An external source of energy
will lead to ignition, which will be followed by the spread of the flame across the fuel
surface. Although flame spread might be an instantaneous process for many crude oils in
their natural state, the loss of highly volatile compounds, due to weathering, and the
presence of water in emulsions might lead to flame spread that needs to be assisted by
external radiation. For thin fuel layers, heat losses to the water bed, might lead to a
similar situation. For these particular cases a minimum size might be necessary to
provide the necessary radiative heat feed back to self-sustain flame spread. Once the
flame spread process is self sustained mass burning will follow.

Fuel properties vary significantly when subject to a strong heat insult, therefore,
they need to be evaluated under fire conditions. Evaluation of the fuel “fire properties”
that are independent of the length scale will permit the ranking of fuels and will reduce
the number of large scale experiments necessary to determine in-situ burning protocols
and procedures. By focusing on the fuel and introducing external radiation, large scale
conditions can be simulated. It has to be noted that this is not a study of the burning
characteristics but of the fuel burning efficiency. Ignition and flame spread will be
studied by using a modified Lateral Ignition and Flame Spread Test (ASTM E-1321) and
mass burning by observing the regression rate under conditions where the characteristics
of the flame can be predicted adequately.

This work attempts to identify an ideal configuration in which the ease by which a
fuel can burn can be evaluated. The three aspects of the combustion process, ignition,
flame spread and mass burning will be studied. The results should be independent of
specific burning characteristics and geometrical constraints, and thus, extrapolation to a
large scale should be possible.

Ignition

* Corresponding author

85




The critical heat flux for ignition (q}. ) is the minimum external heat flux that

0.ig
will lead to equilibrium at the pyrolysis temperature (T}), thus, is given by:
q:)’,ig = h(Tp _Tl) (1)

where T; is an ignition temperature and “h” is a global heat transfer coefficient. By
assuming one-dimensional heat conduction in the fuel and t,, = t, (t, is the time needed
to reach Tp) a characteristic ignition delay time (tig) can be obtained:

n (h(T, - T))
g = Z;[T) (2)

where (q” ) is the external heat flux, k is the thermal conductivity and a = a(h/k)*.
Mixing (tm), transport (ty) and chemical induction (t;,) times are assumed neglectable
when compared to t,. This will be satisfied best as the external heat flux approaches the
critical heat flux for ignition (. ~qy; ) and t, — . This is important because it
implies that the error incurred in the experimental determination of tj, (due to the
unknown nature of the flow) will decrease as q7 approaches Qs - Therefore, qy i 152
property of the fuel that can be extrapolated, independent of the flow. More details on
the derivation of the above expressions and on the characteristics of the hardware are
provided by Quintiere (1981). ,

To validate this approach, SAE 30 W oil was used to conduct ignition tests. This
fuel was used to make possible comparison with previously reported results on ignition
delay time by Putorti et al (1990) and also because of its high flash point (approximately
250°C). A high flash point results in a longer ignition delay time providing a longer
period to observe the different flow structures formed inside the liquid fuel and on the gas
phase. The pilot size and location, the geometry of the fuel container and the flow around
the sample have a significant effect on the ignition delay time (t;;) but for brevity only the
study concerning the flow will be presented.

To study air entrainment into above the fuel sample, a 2W red diode laser (SDL-
820) was used to create a light sheet for visualization of the smoke emerging from the
fuel surface. Figures 2 and 3 are two typical images. In the absence of a flush floor
eddies could be observed at the edges of the tray (figure 1), these eddies grow to cover
the entire surface of the fuel tray. When a floor surrounded the tray the eddies
disappeared and a random flow of gases was observed (figure 2). The absence of eddies
deters the mixing of fuel and oxidizer at the surface and as a consequence the ignition
delay time increased by approximately 20%. By introducing a 0.1 m/s flow parallel to
the surface a boundary layer is formed and all eddies were eliminated. By introducing
the forced flow ty and ty are reduced significantly and t;; approaches t,. The choice of a
small velocity (0.1 m/s) is not arbitrary, as the velocity increases the convective
component of “h” increases and will have an effect on the value of the critical heat flux
for ignition.
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Figure 2. Smoke visualization for a tray with a flush floor.

The results from these experiments are presented in Figure 3 together with data
obtained for the same fuel by Putorti et al. (1990) in a Cone Calorimeter. The ignition
delay time is presented as t'?2, following equation (2). Although the ignition delay time
differs from the values found by Putorti et al. all data converges to a unique critical heat
flux for ignition. Since these experiments where conducted using different ignition
procedures and under different environmental conditions, ty and tr are expected to be
different, thus, affecting the ignition delay time. On the contrary, t, should not be
affected if convective losses are similar in magnitude or can be neglected. As

q¢ approaches qg;, , tm and tt become neglectable compared to t, and all data converges

to a unique point (47, ~ 6 kW/m?).
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Figure 3. Ignition delay time for different external heat fluxes (SAE 30W oil). The delay
times from Putorti et al (1990) were extracted as an average of the values
obtained for 43 mm, 15 mm and 10 mm fuel layers.

Flame Spread

Flame spread velocities (Vy) can be obtained for external heat fluxes of magnitude

”

smaller than qg;,. The following expressions were derived by Quintiere et al (1981)

4ad.(q" 2
f=_'_"¢ﬁ where ¢=L£9_f__ 3
[q g qe ] T
where ¢ is a global material property determined from the experiments and ¢{,, can be

obtained by increasing the external heat flux till V, - o« and &¢ is a characteristic
thermal length scale. Reducing the external heat flux will eventually lead to no spread,
thus a minimum velocity (Vgmin) and external heat flux (qg,) for flame spread can be

recorded. This information, obtained under known experimental conditions, will serve as
a useful way to assess and rank the fire performance of fuels and to identify the
parameters that dominate their fire characteristics.

Preliminary results showed that flame propagation transitions from a continuous
flame spread mode, for the higher heat fluxes, to a pulsating mode as the external heat

flux decreased. For ¢"<6kW/m’ propagation ceased. Figure 4 shows a series of
characteristic results for SAE 30W oil for different fuel layer thickness. It can be noted

that flame spread regime significantly exceeds {g,,, specially for thinner fuel layer
thickness. The flame spread velocity corresponding to a specific external heat flux
increases with the fuel layer thickness. Further testing is still required to fully clarify this

phenomena.
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Figure 4. Flame spread velocity for different external heat fluxes (SAE 30W).

Mass Burning
A simple way to assess the relative potential of a fuel to sustain mass burning is

by using a burning efficiency (y) extracted from a simple one-dimensional heat
conduction model under conditions where the flame characteristics are known. The
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model relies on the concept that a fraction (x) of the energy released by the flame is
effectively used to support burning of the fuel. The higher the value of ¥ the more
effective the combustion process. The value of y is independent of the geometry (size,
fuel layer thickness, etc.) and is only a function of the fuel. This value represents the
mass burning efficiency of the fuel and is independent of the ignition and flame spread
parameters. The experimental apparatus, measurement methods and experimental
procedures used to validate this approach are described by Garo et al. (1996) who
obtained y = 3.9 x 107 for heating oil (a mixture of hydrocarbons ranging from C4 to
Ca1) and y = 2.9 x 107 for crude oil (63% Kittiway, 33% Arabian Light and 4% Oural).
Experiments were also conducted with weathered fuels as well as different fuel/water
emulsions.

Conclusions

The methodology to assess the burning characteristics of a liquid fuel on a water
bed has been presented and verified. Three different and complementary tests are
deemed necessary to characterize the three different regimes of the burning process:
ignition, flame spread and mass burning. For ignition; the critical heat flux for ignition as
identified in ASTM E-1321 was found to be the parameter that better describes the
capability of a fuel to ignite. For flame spread; the minimum external heat flux that will
sustain propagation together with the parameter ¢ (function of the fuel properties) will
serve to describe the flame spread characteristics. The complexity of flame spread over
liquid fuels makes necessary further validation of this experimental approach. For mass
burning; the efficiency factor, y, serves as unique parameter to characterize the regression
rate during the mass burning process. y is a property of the fuel that can be extrapolated
to different scales and environmental conditions but should be evaluated under conditions
where is independent of the flame diameter and the fuel layer thickness.
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ABSTRACT

An experimental technique has been developed to systematically study the ignition characteristics of
liquid fuels spilled on a water bed. The final objective of this work is to provide a tool that will serve to
assess a fuels ease to ignite, thus helping to better define the combustion parameters that affect in-situ
burning of oil spills. A systematic study of the different parameters that affect ignition has been conducted
in an attempt to develop a bench scale procedure to evaluate the burning efficiency of liquid fuels in
conditions typical of oil spill scenarios. To study ignition, the Lateral Ignition and Flame Spread (LIFT)
standard test method, ASTM E1321, has been modified to allow for the use of liquid fuels on a water
bed. Characteristic parameters such as critical heat flux for ignition and ignition delay time have been
obtained as functions of the external heat flux. A series of “fire properties” corresponding to the fuel can
be extrapolated from this test and used to assess the tendency of a fuel to ignite.

Fuel properties vary significantly when subject to a strong heat insult,therefore, they need to be
evaluated under fire conditions. Evaluation of the fuel “fire properties” that are independent of the length
scale, will permit the ranking of fuels and will reduce the number of large scale experiments necessary to
determine in-situ burning protocols and procedures. By focusing on the fuel and introducing external
radiation, large scale conditions can be simulated. It must be noted that this is not a study of the burning
characteristics but of the fuel burning efficiency.

Ignition will be studied by using a modified Lateral Igmtlon and Flame Spread Test (ASTM E-
1321). Figure 1 shows a schematic of the modified LIFT apparatus.

100 mm

. -’ 500 mm

100 mm
[ Tgnition fucl tray (100 x 100 x 100 mm) | | Flame spread fueltray |

Figure 1-Schematic of the experimental apparatus.
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This work attempts to identify an ideal configuration in which the ease by which a fuel can burn can
be evaluated. The results should be independent of specific burning characteristics and geometrical
constraints, and thus, extrapolation to a large scale should be possible. The critical heat flux for ignition
(4o, ) is the minimum external heat flux that will lead to equilibrium at the pyrolysis temperature (Tj),

thus, is given by:
do; =h(T, - T;) . )

where T; is an ignition temperature and “h” is a global heat transfer coefficient. By assuming one-
dimensional heat conduction in the fuel and t, =t, (t, is the time needed to reach T,) a characteristic

ignition delay time (t;;) can be obtained:

t, = (h(T—T).) o )
4a qr .

where (g ) is the external heat flux, k is the thermal conductivity and a = a(h/k)?.

Mixing (tu), transport (tt) and chemical induction (t;,) times are assumed negligible when compared
to t,. This will be satisfied best as the external heat flux approaches the critical heat flux for ignition
(97 = 4o, ) and t, — oo. This is important because it implies that the error -incurred in the experimental

determination of ti;, (due to the unknown nature of the flow) will decrease as . approaches {y -
Therefore, qg,; is a property of the fuel that can be extrapolated, independent of the flow. More details

on the derivation of the above expréssions and on the characteristics of the hardware are provided by
Quintiere (1981).

To validate this approach, SAE 30W oil was used to conduct ignition tests. This fuel was used for
comparison with previously reported results on ignition delay time by Putorti et al.(1994) and also
because of its high flash point (approximately 250°C). A high flash point results in a longer ignition delay
time providing a longer period to observe the different flow structures formed inside the liquid fuel and
on the gas phase. The pilot size and location, the geometry of the fuel container and the flow around the
sample have a significant effect on the ignition delay time (t;5) but for brevity only the study concerning
the flow will be presented.

To study air entrainment into above the fuel sample, a 2W red diode laser (SDL-820) was used to
create a light sheet for visualization of the smoke emerging from the fuel surface. Figures 2 and 3 are
two typical images. In the absence of a flush floor, eddies could be observed at the edges of the tray
(Figure 2). These eddies grow to cover the entire surface of the fuel tray. When a floor surrounded the
. tray the eddies dxsappeared and a random flow of gases was observed (Figure 3). The absence of eddies
deters the mixing of fuel and oxidizer at the surface and as a consequence the ignition delay time
increased by approximately 20%.

By introducing a 0.1 m/s flow parallel to the surface a boundary layer is formed and all eddxes were
eliminated. By introducing the forced flow ty and tr are reduced significantly and t;; approaches t,. The
choice of a small velocity (0.1 m/s) is not arbitrary, as the velocity increases the convective component of
“h” increases and will have an effect on the value of the critical heat flux for ignition.
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Figure 3- Smoke visualization for a tray with a flush floor.

The results from these experirﬁents are presented in Figure 4 together with data obtained for the
same fuel by Putorti et al. (1994) in a Cone Calorimeter. The ignition delay time is presented as t'?,
following equation (2). Although the ignition delay time differs from the values found by Putorti et al. all
data converges to a unique critical heat flux for ignition. Since these experiments where conducted using
different ignition procedures and under different environmental conditions, ty and tr are expected to be
different, thus, affecting the ignition delay time. On the contrary, t, should not be affected if convective
losses are similar in magnitude or can be neglected. As §; approaches qg, , tm and ty become negligible

compared to t, and all data converges to a unique point (4o, ~ 6 kW/ m?).

0.12
0.1 Nd & 10mm
. % 9mm
an 0.08 e ‘ 4 Smm
tig K4 e x
" 0.06 -.’ !lx . 7 mm
) .- '.‘I 6 mm
0.04 ‘ @ Putorti etal
(1990)
0.02 1 _.'.. cemssemse LINE FIT
0 =
0 5 10 15 20 25 30
External Heat Flux (kW/m')

Figure 4-Ignition delay time for different external heat fluxes (SAE 30W oil). The delay times from Putorti et al (1994)
were extracted as an average of the values obtained for 43 mm, 15 mm and 10 mm fuel layers
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To further demonstrate the validity of this experimental methodology a series of tests were
conducted with Cook Inlet and Alaskan North Slope (ANS) crude oils. Figure 5 shows these results and
other obtained for ANS crude oil by Putorti et al. (1994). The data presented for the crude oils is an
average of at least five experiments conducted under identical conditions. It was observed that Cook Inlet
and ANS crude oils in their natural state ignited at ambient temperature, therefore no external heat flux

was necessary. However, when Cook Inlet was evaporated to a 25% mass loss d,,, increased to

approximately 3 kW/m? showing a significant increase in the difficulty to ignite. Similar phenomena
occurred when the ANS crude was ignited in its evaporated state. The critical heat flux for ignition
extrapolated from Putorti ef al. (1994) for ANS crude oil (evaporated to a 30% mass loss) was
approximately 4.5 kW/m? indicating greater difficulty of ignition than Cook Inlet crude oil (25%
evaporated) and igniting more readily than the Cook Inlet Crude oil in its natural state.

03

o".
S
0.2 { . _,"
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S .
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"‘M o 4 9«"’ . e
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Figure 5. Ignition Delay Time for Different External Heat Fluxes.

The methodology to assess the ignition characteristics of a liquid fuel on a water bed has been
presented and verified. For ignition, the critical heat flux for ignition as identified in ASTM E-1321 was
found to be the parameter that better describes the capability of a fuel to ignite. To study ignition, the
Lateral Ignition and Flame Spread (LIFT) standard test method apparatus has been modified to allow for
the use of liquid fuels on a water bed.
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Abstract

Piloted ignition of a slick of oil on a water sub-layer has been experimentally
studied. The objective of this work is to provide a tool that will serve to assess a fuels
ease to ignite under conditions that are representative of oil spills. The fuel is exposed
suddenly to external radiation to increase the its temperature until ignition occurs. The
strength and geometrical placement of the pilot were chosen to minimize gas phase
induction time and heat feedback from the pilot to the fuel surface. Temperature
measurements, flow visualization and ignition delay time .are used to characterize piloted
ignition and an existing one-dimensional heat transfer model is used correlate the
experimental results. Two different crude oils and SAE 30W oil were used for these
experiments. Crude oils were tested in their natural state and at different levels of
weathering. It was observed that the ignition delay time is a strong function of the flow
structures formed both in the liquid and gas above the pool. Piloted ignition is inhibited
by premature boiling of the water sub-layer and weathering significantly increases the
ignition delay time. It was determined that a critical heat flux for ignition could be
obtained and better serve as a parameter to characterize the fuel propensity to ignite in the
presence of a strong pilot. The minimum heat flux that will permit ignition before boiling
of the water sub layer occurs also needs to be considered. :
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Introduction
Burning of an oil spill is of interest as a result of offshore exploration, production,

and transportation of petroleum [1]. In the case of an accidental spill at sea, in-situ
burning can provide an effective means for the removal of an oil slick reducing negative
environmental impact. The efficiency of the ignition and burning process is crucial for
the successful elimination of the crude oil.

Information available on burning of a thin fuel layer on a water sub-layer is quite
limited. Thin layer boil-over [1, 2, 3] has been found generally to enhance burning rate
although Koseki et al. [1] noted that boiling at the fuel-water interface can limit flame
spread. The effect of minimum fuel layer thickness necessary for sustained combustion
has been studied extensively [2, 3]. Several models have been developed to describe the
heat losses from a pool fire to the supporting water layer [4] and to attempt description of
in-depth absorption of radiation by the fuel layer [5]. Flame spread across the liquid fuel
surface has also been emphasized and excellent review papers have been published by
Glassman [6] and Ross [7]. Glassman, summarizes the extensive literature on ignition,
however, it is clear that little attention has been drawn to characterize the ignition process
of liquid fuels on a water sub-layer.

Ignition behavior of petroleum fractions has not been studied beyond flash and
fire points under quiescent conditions [6, 8, 9]. Weathering and oil/water emulsions on
the flash and fire points have yet to be studied. Flash or fire point tests do not incorporate
the effects that high heat insult has on the nature of the fuel, i.e. emulsions break down
when subject to a high heat flux, thus are of reduced application for an oil spill scenario.
Furthermore, heat transfer towards the water sub-layer is entirely dependent on the fuel
properties and can preclude ignition, therefore needs to be incorporated when
characterizing the ignition process. To the knowledge of the authors, the only study that
addresses the effect of weathering and formation of emulsions on ignition under
conditions pertinent to the oil-spill scenario is due to Putorti et al. [10]. This study
quantified the necessary heat flux for ignition of various liquid fuels and emphasis was
placed on the ignition delay time of weathered and emulsified samples.

Most accidental and deliberate burns of spilled oil at sea suffer from the effects of

wind and waves. Volatiles tend to evaporate rapidly with time (weathering) and mixing
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tend to form oil/water emulsions making the oil difficult to ignite. Consequently,
alteration of the physical or chemical properties of the oil can require additional energy
for ignition. Several studies reported have attempted to characterize weathering and
emulsions typical of oil-spill scenarios [11].

In-situ burning of an oil spill requires the fuel to ignite and that ignition to be
followed by spread and eventually leading to mass burning. Many studies have shown
that ignition is not always followed by spread [12] therefore, is not sufficient to guarantee
efficient removal of the oil slick. The need to understand the three stages necessary for
the efficient removal of crude oil have resulted in the choice to use a modified version
L.ILF.T. (ASTM-E-1321) [13] apparatus to characterize the burning process.

The overall objective of this study is to characterize the entire burning process but
in the present work emphasis will be given to piloted ignition. This choice does not
provide optimal conditions for the study of each individual element but it is justified in
the general context of this problem. This study will use two different crude oils, as
representative of those commonly transported by oil-tankers, and SAE 30W oil as a
reference of a better characterized fuel. Crude oils will be studied in their natural sfate
and subject to different levels of weathering. The formation of emulsions and its effect
on ignition will be a subject of future study but goes beyond the objectives of the present

work.

Background

Fuel properties vary when subject to a strong heat insult, thérefore, need to be
evaluated under “fire conditions” [14]. The concept of minimum heat flux for ignition
has been commonly applied to solid fuels and ignition behavior can be predicted or
measured using small, bench-scale experiments. In a similar fashion, ignition behavior of
liquid fuels can be studied and evaluation of the “fire properties” allows ranking of fuels
in various states; natural, weathered, and emulsified. The scale dependency will always
be a matter of controversy, thus, large scale tests remain a necessity for validation.

The mechanisms leading to gas phase ignition can be described as follows. The

liquid bed is considered initially at ambient temperature, T;. After suddenly imposing an

external heat flux (q]) the temperature of the bed rises until the surface reaches the
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pyrolysis or evaporation temperature (T,). The time required for the fuel surface to attain
Ty will be referred as the pyrolysis time, t,. After attaining Tp, the vapor (pyrolysate)
leaves the surface, is diffused and convected outwards, mixes with the ambient oxidizer,
and creates a flammable mixture near the solid surface. This period will be referred here
as the mixing time , t,. If the mixture temperature is increased the combustion reaction
between the fuel vapor and the oxidizer gas may become strong enough to overcome the
heat losses to the solid and ambient. Thus becoming self-sustained and at which point
flaming ignition will occur. This period corresponds to the induction time, t;.

Extending the analysis proposed by Fernandez-Pello [15], the ignition time (tig)
will be given then by
tig=tpHtmH;

Introducing a pilot reduces the induction time making it negligible when
compared to t, and tn,. Furthermore, mixing has been commonly considered as a fast
process compared to heating of the fuel, therefore, the fuel and oxidizer mixture becomes
flammable almost immediately after pyrolysis starts. Pyrolysis temperatures and times
are, thus, commonly referred as ignition temperature and ignition time [14] and equation
(1) simplifies to
tig=tp
and Tig can be defined as Ty. Although such a definition is not physically correct [16] it
can be very useful in some practical applications since provides a reference parameter
that could serve to characterize ignition.

The flow over the fuel surface will control mixing of fuel and oxidizer as well as
the transport of this mixture towards the pilot (ty), therefore, can have a significant effect
on tig and on the validity of equation (2). Equation (2) could be extrapolated only if the
experimental conditions at which the ignition delay time is obtained satisfy the

assumption that t, ~t, <<t . Slight changes in the flow structure, especially for a

horizontal configuration, can strongly affect t, without changing t, significantly. This

effect is least significant as the external heat flux approaches the critical heat flux for

pyrolysis (q; ~q;,) and t —> . This is important because it implies that the error
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incurred in the experimental determination of ti,, (due to the unknown nature of the flow)

will decrease as q; approaches qg, .

To obtain t, the fuel and water bed are assumed as one thermally thick material
with properties corresponding to an unknown combination of both liquids. The bed is
assumed a semi-infinite slab, thus all convective and thermo-capillary motion in the bed
is neglected. This assumption is not necessarily correct [7], and will be addressed later,
but will be accepted as a possible source of error. Throughout the heating process the
fuel layer is assumed inert with negligible pyrolysis before ignition. The solution to the
one-dimensional transient heating of a semi-infinite slab is given by Carslaw and Jaeger
[17] and an elaboration of all additional assumptions and the derivation pertaining to the
present study are given by Quintiere [14].

The boundary condition for this solution is imposed by heat balance at the surface
which needs to incorporate convective heat losses, re-radiation, in-depth absorption and

the fraction of the external heat flux not absorbed [18]. Losses result in a minimum
external heat flux necessary,qq,, to attain T,. For q; <qg, the surface will attain

thermal equilibrium at Tgqg<Tp. A linearized heat transfer coefficient, h, is commonly
used to describe heat transfer at the surface and all heat loss terms can be reduced to h (T,
- T;). Values for “h” have been shown to vary with orientation and environmental effects.
Examples of typical values found in the literature are: 8.0 Wm?K™! for natural turbulent
convection and a vertical sample [14], 13.5 Wm?K! for a horizontal orientation [18], and
up to 15.0 Wm’K! obtained by Mikkola and Wichman [19] while conducting
experiments on a vertical orientation with wood.

These assumptions lead to the following solution for the attainment of the

pyrolysis temperature as a function of time
h(T, - T;) =q;[1 —exp(at, Jerfc(at )]

where t, is the time necessary to attain T, at the surface, a=ci(h/k)?, “a” the thermal
diffusivity and “k” the thermal conductivity. It needs to be noted that “k” and “a” are not
the fuel or water properties but an equivalent set of properties that includes the

contribution of both liquids. If 7 =qg,, T, is expected to be reached when t — o and
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the critical heat flux that would lead to pyrolysis can be derived from equation (3) and is

given by
qg,p = h(Tp —Tl)
2

Vr

For q!>>qg, it can be assumed that [1-exp(at, )erfc(y/at, )] ~ —=(at,)""> which

leads to the approximate expression valid for short times (t;)

cw \2
T | 9o,
t =—| 20
T al

Equation (5) is of great practical importance since shows that a plot of t,,'”2 as a function

of the corresponding q; will be linear for §.>qg,and from the slope of this line the

value of “a” can be determined. The fire literature generally refers to “a” as a global
thermal property of the material.
In the present study, the magnitudes of t; and t; will be addressed but the

geometry will be chosen to make them minimal, thus qg, , ~ 4g;, and, from equation (2),

Methodology

The LIFT requires the sample to be positioned vertically, and a uniform radiant flux
is suddenly applied. For this study the LIFT had to be rotated 90° to a horizontal position
(Fig.1). A fan, capable of inducing an air flow velocity of 0.1 m/s, was placed at the
trailing edge of the sample. A homogeneous flow is guaranteed by means of a duct
placed in front of the fan. The duct is filled with steel wool sandwiched between two
honeycomb plates.

A radiation shield (marinite board) is placed in front of the panel before the sample
is introduced to its test position (Fig. 1). Once the sample has been placed, the radiation
shield is removed and time recording starts. It was observed fhat increasing the pilot size
reduced the ignition delay timé and increasing the distance from the fuel surface had an
opposite result. Thus, choice for size and location of the pilot resulted from a systematic
study that minimized the effect of heat feed back from the pilot to the fuel surface and to

guaranteed best repeatability of the results. Premature ignition by a pilot flame has been
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addressed by several authors who showed similar observations [6]. This systematic study
lead to a small propane diffusion flame (20 mm in height) established on a 4 mm
stainless-steel nozzle to be used as an ignition pilot. The nozzle was placed 10 mm above
the fuel surface plane in the centerline and 10 mm downstream of the trailing edge of the
ignition tray (Fig.1).

The fuel tray was placed under a 200 mm square plate with a 100 mm square hole
in the middle where the fuel was located. Details on this plate and its use will be
provided in later sections.

The fuel was placed in 100 mm cubical stainless steel trays with one open side.
Two different ignition trays were used for the tests. The first tray contained an interior
lip measuring 5 mm surrounding the edge of the open end. The second tray, of similar
construction, had no interior lip. Previous studies on ignition using the cone-calorimeter
[10] will be used throughout this work as reference data. In these experiments Putorti et
al. used a tray of square section of similar dimensions to the ones used in the present
study and with a 5 mm interior lip.

The radiant panel forms an angle of 15° with the sample, with the objective of
producing a heat flux distribution as the one shown in Fig.2. Despite the inclination the
incident heat flux for the region up to 150 mm is relatively uniform (Fig.2(a)) providing a
constant heat flux boundary condition for the fuel/air interface. Thermocouples
measurements have been used to characterize the temperature evolution of the fuel and
have shown neglectable differences at several locations along the fuel surface (Fig.2(b)).
Detailed hardware characteristics, typical heat flux distributions and experimental
procedures involving the LIFT have been well documented [14] and will not be repeated

here.

Experimental Results and Discussion

2. The Effect of Temperature Gradients Between the Fuel and the Container

The container has significant effects on the formation of recirculation currents
inside the liquid. Temperature gradients in the fuel surface induce thermo-capillary

motion combined with natural convection [7] enhancing heat transfer inside the liquid
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and resulting in a more homogeneous temperature distribution and, thus, in longer
ignition delay times. Eight chromel-alumel thermocouples (0.5 mm in diameter) where
placed in the liquid bed with the tip at the axis of symmetry. The thermocouples were
spaced to provide a finer grid close to the surface and to cover the entire depth of the tray
(distance from the thermocouple to the surface: 0 mm, 3mm, 6 mm, 10 mm, 18 mm, 43
mm, 68 mm and 93 mm).

Heat from the radiant panel increases the temperature of the fuel but also of the
container. The inclusion of a 5 mm lip increased the solid surface receiving radiation
from the panel. Temperatures of the upper part of the tray were observed to be
significantly higher than those observed for the no-lip tray. In contrast the fuel surface
temperature was found to be consistently higher for the no-lip tray, while the
temperatures recorded by the thermocouples deeper in the fluid were higher for the lip
tray. Recirculation inside the liquid bed resulted in a 30% increase in the ignition delay
time when the tray with a lip was used. For identical fuel layer thickness and external
heat flux, boiling occurred faster in the tray with an interior lip.

A fine metallic powder was used to coat the surface of the fuel with both trays.
Observations of the flow in the lip tray indicated increasing eddy activity of the fuel layer
as the temperature difference between the container and the fuel increased. These flow
patterns were found to be restricted to approximately 10 mm from the tray in the absence
of an interior lip. Motion of the powder was observed to be almost negligible in a circle
approximately 80 mm in diameter. This issue is worth an independent study but escapes
the objectives of the present work. By selecting the no-lip configuration, effect of heat

transfer from the tray was considered minimized.

3. Flow Structures Above the Fuel Surface
To study the flow characteristics over the fuel sample, a 0.5W red diode laser
(SDL-820) was used to create a light sheet for visualization of the smoke emerging from

the fuel surface. The images have been processed using an EPIX video card. To obtain a

clear image of the flow structure, as evidenced by the smoke, a threshold was established
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below which all pixels were assigned a 0 value. Figure 3 shows a set of three typical
images.

In the absence of a flush floor surrounding the fuel tray, clear eddies could be
observed at the edges of the tray (Fig. 3(a)). It was observed that these eddies could grow
and cover the entire surface of the fuel tray. When a floor surrounded the fuel tray (as
shown in Fig. 1) the eddies disappeared and a random upward flow of gases was
observed (Fig. 3(b)). As a consequence of the decreased mixing of fuel and air, the
ignition delay time increased by approximately 20% over the no-floor case. By
introducing a flush floor and 0.1 m/s flow parallel to the surface a boundary layer is
formed and the all eddies were eliminated (Fig. 3(c)). Although the ignition delay time
remained dependent on the magnitude of the flow, this configuration allowed for greatest

repeatability.

Ignition Delay Time

To calibrate the apparatus, SAE 30 W oil was first used for the ignition tests.
This fuel was used to make possible comparison with previously reported results on
ignition delay time [10] and also because of the high flash point (approximately 250°C).
The higher flash point results in a longer ignition delay time providing a longer period to
observe the different processes affecting ignition. Radiation absorption is also lower with
SAE 30 oil favoring boiling of the water bed. Although the viscosity of SAE 30 oil is
generally higher than that of crude oils, it is very sensitive to temperature (approximately
1x10? at 0°C and 1x10” at 100°C) reaching comparable values after only a small
temperature increase.

The results from these experiments are presented in Figure 4 together with data
obtained for the same fuel by Putorti et al. [10]. Following equation (5) the ignition delay
time is presented as t'2. 1t can be observed that, although the ignition delay time
significantly differs from the values found by Putorti et al. al. data converges to a unique
critical heat flux for ignition. Since these experiments where conducted using different
ignition procedures and under different environmental conditions, ty is expected to be
different, thus, affecting the ignition delay time. On the contrary, t, should not be

affected if convective losses are similar in magnitude. As the external heat flux
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approaches qf, , tn becomes neglectable compared to t, and all data converg

unique point (qg_ig ~5kW/m?), as observed in Figure 4. This linear dependency
corresponds well with data reported in the literature for solid fuels [14, 19] and serves to
validate the above mentioned assumptions.

For the particular case of an oil-slick on a water bed, the water underneath the fuel
might attain boiling before ignition occurs. It was observed that once boiling started
ignition of the fuel was precluded. Heating of the bed can be treated as a semi-infinite
solid and temperature distributions can be predicted quite accurately [4]. The analytical
prediction of a characteristic time to boiling goes beyond the scope of this work. But, the
determination of a minimum heat flux that will lead to boiling (q4¢p) before ignition can
occur is of great practical importance therefore needs to be included as a complement to
the critical heat flux for ignition.

As the external heat flux decreases the temperature gradient at the surface
decreases and thermal penetration increases before the surface attains T,. If the thermal
wave can increase the water temperature at the fuel/water interface to the boiling point
before the surface reaches T, boiling will prevent ignition from occurring. The
minimum heat flux that will allow the surface temperature to reach T, before boiling is
given by g, and presented in Fig. 5. As the fuel layer decreases in thickness, the heat
wave will reach the water faster allowing for a shorter available time for the surface to

reach T, and consequently requiring a higher temperature gradient at the surface (higher

I
9o )

4. Crude Oils and the Effect of Weathering

A series of tests were conducted with two crude oils. Figure 6 shows ignition
delay times for different external heat fluxes obtained for ANS crude oil and data
reported by Putorti et al. [10] . The data presented is an average of at least five
experiments conducted under identical conditions. It was observed that ANS crude oil in
its natural state ignited at ambient temperature, therefore no external heat flux was
necessary. Flash points for this type of fuel have been reported as low as 19°C [8]

showing agreement with the above observation. When weathered, the ignition delay time
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decreases as the heat flux increases and a linear dependency between the external heat
flux and t;; " is obtained. The intercept with the horizontal axis will provide the critical
heat flux for ignition. Figure 6 shows that the critical heat flux for ignition will increase
with weathering. The experimental data from Putorti [10] fits well with the data collected

in the present work.
The critical heat flux for ignition (qg,, ) as obtained from figures such as Fig. 6 is

presented in Fig. 7. Results are presented for Cook Inlet and ANS crude oils for different
fuel layer thickness. Figure 7 shows a discrepancy between the critical heat flux for
ignition for 3 mm as opposed to almost identical values obtained for 8 and 15 mm layers.

For layers thicker than 8 mm the effect of fuel layer thickness was mostly manifested on

the curves being truncated by boiling before attaining g, . The increasing value of

do,, With mass loss shows that weathering makes ignition more difficult, the increasing
slope of the curve points towards the possibility of an asymptotic value at which the
crude oil will not ignite. Based on the values for qg,;,, ANS crude oil was observed to be

more prompt to ignition than Cook Inlet crude oil. Cook inlet ignited without an external
heat flux for a mass loss rate smaller than 10 % and ANS crude oil for a mass loss

smaller than 7%. The results presented are representative of all other cases studied.

Conclusion

To study piloted ignition of a slick of oil on a water sub layer, a modified LIFT
apparatus is used. Ignition delay times and a critical heat flux for ignition can be
extracted using this testing methodology. The ignition delay time is a strong function of
the flow structures formed both in the liquid and gas above the pool. Piloted ignition is
inhibited by premature boiling of the water sub-layer. The minimum heat flux that will
permit ignition before boiling of the water sub-layer needs to be considered. The critical
heat flux for ignition will serve as an appropriate parameter to characterize the fuel
propensity to ignite. Cook Inlet, ANS crude oils and SAE 30W oils were used for these
experiments and crude oils were tested in their natural state and at different levels of

weathering. Weathering of the crude oils significantly increases the ignition delay time.
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The data extracted can be used as a tool to rank fuels in various states; natural and

weathered.
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List of Figures

Figure 1. Schematic of the experimental apparatus.

Figure 2. (a) Incident radiant flux distribution for the HIFT apparatus (b) Ignition sample
thermocouple tempgratures for SAE 30W oil. Upper temperatures curves correspond to

surface temperatures in the corner, side and center of the tray. Lower temperature curves
correspond to temperature 5 mm blow fuel surface in the corner, side and center of the
tray.

Figure 3. Smoke visualization of sample tray (a) in the absence of flush floor, (b)
surrounded by a flush floor, and (c) surrounded by a flush floor with a weak draft.

Figure 4. Ignition delay times of SAE 30W oil for various external fluxes.
Figure 5 Critical heat flux and time for boiling using SAE30W oil.

Figure 6. Ignition delay times for various external heat fluxes for crude oils.

Figure 7. Critical heat flux for ignition (4%, ) for ANS and Cook Inlet crude oils
weathered at various different levels (% mass loss).
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Abstract

Ignition of a slick of oil on a water sub-layer has been experimentally studied. The
objective of this work is to provide a tool that will serve to assess a fuels ease to ignite
under conditions that are representative of oil spills. Two different techniques are used
and the results compared, piloted ignition when the fuel is exposed to a radiant heat flux
and flash point as measured by the ASTM D56 Tag Closed Cup Test. For the piloted
ignition tests the fuel is exposed suddenly to external radiation to increase the its
temperature until ignition occurs. Temperature measurements and ignition delay time are
used to characterize piloted ignition and an existing one-dimensional heat transfer model
is used correlate the experimental results. For the flash point test, the bulk temperature of
the fuel is increased until thermal equilibrium is attained and then a pilot is introduced.
The temperature at which the first flashes are observed is called the flash point. Two
different crude oils were used for these experiments, ANS and Cook Inlet. Crude oils
were tested in their natural state and at different levels of weathering. Piloted ignition
and flash point are strong functions of the weathering level. Premature boiling of the
water sub-layer inhibits ignition. The flash point temperature can be used as
characteristic pyrolysis temperature and the weathering level has a negligible effect on
the thermal properties of the fuel. It was determined that a critical heat flux for ignition
could be obtained and better serve as a parameter to characterize the fuel propensity to
ignite in the presence of a strong pilot. The minimum heat flux that will permit ignition
before boiling of the water sub layer occurs also needs to be considered.

1.0 Introduction

Burning of an oil spill is of interest as a result of offshore exploration, production,
and transportation of petroleum (Koseki et al., 1991). In the case of an accidental spill at
sea, in-situ burning can provide an effective means for the removal of an oil slick
reducing negative environmental impact. The efficiency of the ignition and burning
process is crucial for the successful elimination of the crude oil.

Information available on burning of a thin fuel layer on a water sub-layer is quite
limited. Thin layer boil-over (Koseki et al., 1991, Garo et al., 1994, Arai et al, 1990) has
been found generally to enhance burning rate although Koseki et al. (1991) noted that
boiling at the fuel-water interface can limit flame spread. The effect of minimum fuel
layer thickness necessary for sustained combustion has been studied extensively (Garo et
al., 1994, Arai et al, 1990). Several models have been developed to describe the heat
losses from a pool fire to the supporting water layer (Brzustowski and Twardus, 1982)
and to attempt description of in-depth absorption of radiation by the fuel layer (Twardus
and Brzustowski, 1981). Flame spread across the liquid fuel surface has also been
emphasized and excellent review papers have been published by Glassman and Dryer
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(1980) and Ross (1994). Glassman and Dryer (1980) summarize the extensive literature
on ignition, however, it is clear that little attention has been drawn to characterize the
ignition process of liquid fuels on a water sub-layer.

Ignition behavior of petroleum fractions has not been studied beyond flash and fire
points under quiescent conditions (Glassman and Dryer, 1980, SFPE Handbook, 1994,
Hillstrom, 1975). The influence of weathering and the formation of oil/water emulsions
on the flash and fire points have yet to be studied. Flash or fire point tests do not
incorporate the effects that high heat insult has on the nature of the fuel, i.e. emulsions
break down when subject to a high heat flux, thus are not sufficient to describe ignition in
an oil spill scenario. Furthermore, heat transfer towards the water sub-layer is entirely
dependent on the fuel properties and can preclude ignition, therefore needs to be
incorporated when characterizing the ignition process. To the knowledge of the authors,
the only study that addresses the effect of weathering and formation of emulsions on
ignition under conditions pertinent to the oil-spill scenario is due to Putorti et al. (1994).
This study was conducted in a cone calorimeter and quantified the necessary heat flux for
ignition of various liquid fuels. In this work, emphasis was placed on the ignition delay
time of weathered and emulsified samples.

Most accidental and deliberate burns of spilled oil at sea suffer from the effects of
wind and waves. Volatiles tend to evaporate rapidly with time (weathering) and mixing
tend to form oil/water emulsions making the oil difficult to ignite. Consequently,
alteration of the physical or chemical properties of the oil can require additional energy
for ignition. Several studies reported have attempted to characterize weathering and
emulsions typical of oil-spill scenarios (Bobra, 1992).

In-situ burning of an oil spill requires the fuel to ignite and that ignition to be
followed by spread and eventually leading to mass burning. Many studies have shown
that ignition is not always followed by spread (Kashiwagi et al, 1997) therefore, is not
sufficient to guarantee efficient removal of the oil slick. The need to understand the three
stages necessary for the efficient removal of crude oil have resulted in the choice to use a
modified version L.I.LF.T., ASTM-E-1321 (ASTM Standards, 1994) apparatus to
characterize the burning process.

Although the overall objective of this study is to characterize the entire burning
process, the task is formidable. In the present work emphasis will be given to ignition.
This choice does not provide optimal conditions for the study of each individual element
but it is justified in the general context of this problem. This study will use two different
crude oils (Cook Inlet and ANS) as representative of those commonly transported by oil-
tankers. Crude oils will be studied in their natural state and subject to different levels of
weathering. The formation of emulsions and its effect on ignition will be a subject of
future study but goes beyond the objectives of the present work.

2.0 Background

2.1 Closed Cup Flash Point Test

The ASTM D56 Tag Closed Cup flash point tester was used to characterize the
thermal properties under a controlled environment. The standard should be referenced
for details of the apparatus (ASTM-Fire Test Standards, 1990). Flash point is defined as
the lowest temperature corrected to as pressure of 760 mm Hg at which application of a
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test flame causes the vapors of a portion of the sample to ignite under specified
conditions. The flash point measures the tendency of a fuel to form a combustible
mixture with air under a controlled laboratory condition. It is only one of a number of
properties that must be considered in assessing the overall thermal characteristics of a
liquid fuel.

For the test for flash point, a liquid fuel is placed in the cup of the tester. With, the
lid closed, the sample is heated up at a slow constant rate. A small flame of specified size
is directed into the cup at regular intervals. The lowest temperature at which application
of the flame ignites the vapors above the sample specifies the flash point. The flash point
temperature gives an indication of the pyrolysis temperature of the fuel but not of the
thermal properties that will lead to the attainment of this temperature. Therefore, the

flash point temperature is of importance but not sufficient to describe the ignition
process.

2.2 Piloted Ignition

Ignition of a combustible material can be accomplished in two ways. The first is by
heating the material until ignition of the fumes occurs, this mechanism is commonly
referred as spontaneous ignition. If the combustible material is only heated until the
mixture between the fuel vapor and the ambient air reaches the lean flammability limit
and ignition is achieved by means of a hot spot, this mechanism is called piloted ignition.
For the specific application of in-situ burning piloted ignition will be the appropriate
mechanism to consider.

Fuel properties vary significantly when subject to a strong heat insult, therefore,
they need to be evaluated under “fire conditions.” These properties are generally referred
as “fire properties” (Quintiere, 1981). The concept of minimum heat flux for ignition has
been commonly applied to solid fuels and ignition behavior can be predicted or measured
using small, bench-scale experiments. In a similar fashion, ignition behavior of liquid
fuels can be studied and evaluation of the “fire properties” allows ranking of fuels in
various states; natural, weathered, and emulsified. The scale dependency will always be
a matter of controversy, thus, large scale tests remain a necessity for validation. Yet, the
number of tests needed to determine feasibility, protocols, and procedures for in-situ
burning could be greatly reduced.

The mechanisms leading to gas phase ignition can be described as follows. The
liquid bed is considered initially at ambient temperature, T;. After suddenly imposing an

external heat flux (q!) the temperature of the bed rises till the surface reaches the

pyrolysis or evaporation temperature (Tp,). The time required for the fuel surface to attain
T, will be referred the pyrolysis time, t,. After attaining Ty, the vapor (pyrolysate) leaves
the surface, is diffused and convected outwards, mixes with the ambient oxidizer, and
creates a flammable mixture near the solid surface. This period will be referred here as
the mixing time , tn. The flow and geometrical characteristics determine the mixing time.
If the mixture temperature is increased the combustion reaction between the fuel vapor
and the oxidizer gas may become strong enough to overcome the heat losses to the solid
and ambient. Thus becoming self-sustained and at which point flaming ignition will
occur. This period corresponds to the induction time, t;, and is derived from a complex
combination of fuel properties and flow characteristics.
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Extending the analysis proposed by Fernandez-Pello (1995), the ignition time (tig)
will be given then by

tig=ty ot (1)

Under ideal conditions, introducing a pilot reduces the induction time making it
negligible when compared to t, and t,,. Furthermore, mixing has been commonly
considered as a fast process compared to heating of the fuel, therefore, the fuel and
oxidizer mixture becomes flammable almost immediately after pyrolysis starts. Pyrolysis
temperatures and times are, thus, commonly referred as ignition temperature and ignition
time (Quintiere, 1981) and equation (1) simplifies to

tig=tp (2)

and Tjg can be defined as Tp. Although such a definition is not physically correct
(Alvares and Martin, 1971) it can be very useful in some practical applications since
provides a reference parameter that could serve to characterize ignition. In the present

study the geometry will be chosen to make tm and t; minimal, thus qg, , = qg;, and, from
equation (2), t, ~t, .

The flow over the fuel surface will control mixing of fuel and oxidizer as well as
the transport of this mixture towards the pilot (t,), therefore, can have a significant effect
on tig and on the validity of equation (2). The relative effect of ty, on t;; will decrease as

the characteristic velocity of the system increases, characteristic time for mixing and
transport decrease. Equation (2) could be extrapolated only if the experimental conditions

at which the ignition delay time is obtained satisfy the assumption that t ~t; <<t .

Slight changes in the flow structure, especially for a horizontal configuration, can
strongly affect t,, without changing t, significantly. This effect will be least significant as

the external heat flux approaches the critical heat flux for pyrolysis (q; ~ qg,, ) and
t, — . This is important because it implies that the error incurred in the experimental

determination of tig, (due to the unknown nature of the flow) will decrease as q
approaches 4, .

To obtain t, the fuel and water bed are assumed as one thermally thick material with
properties corresponding to an unknown combination of both liquids. The bed is
assumed a semi-infinite slab, thus all convective and thermo-capillary motion in the bed
is neglected. This assumption is not necessarily correct (Ross, 1994, Wu et al. 1997) but
will be accepted as a possible source of error. Throughout the heating process the fuel
layer is assumed inert with negligible pyrolysis before ignition. The solution to the one-
dimensional transient heating of a semi-infinite slab is given by Carslaw and Jaeger
(1963) and an elaboration of all additional assumptions and the derivation pertaining to
the present study are given by Quintiere (1981).

The boundary condition for this solution is imposed by heat balance at the surface
which needs to incorporate convective heat losses, re-radiation, in-depth absorption and
the fraction of the external heat flux not absorbed. Losses result in a minimum external
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heat flux necessary, qj, , , to attain Tp,. For q; <qy, the surface will attain thermal
equilibrium at Tgo<T,.

A linearized heat transfer coefficient, h, is commonly used to describe heat transfer
at the surface and all heat loss terms can be reduced to

ea(T =T +h (T-T,)~WT-T,) (3)

where hc is the convective heat transfer coefficient, € the emissivity of the fuel, o the
Stefan-Boltzmann constant (6=5.67x10® W/m?K*) and T, the ambient temperature.
The value of “h” incorporates the convective heat losses, which depend on the present
configuration, and the re-radiation from the surface of the fuel, which is only linked to
the emissivity of the fuel, thus is a property of the fuel and needs to be evaluated under
fire conditions. As expected, values for “h” have been shown to vary with orientation,
fuel and environmental effects. Examples of typical values found in the literature are:
8.0 Wm?K'! for natural turbulent convection and a vertical sample (Quintiere, 1981), 13.5
Wm?K! for a horizontal orientation (Janssens, 1991), and up to 15.0 Wm?K! obtained by
Mikkola and Wichman (1989) while conducting experiments on a vertical orientation
with wood.

These assumptions lead to the following solution for the attainment of the pyrolysis
temperature as a function of time

h(T, - T,) = q.[1 - exp(at, Jerfc(at, )] C)]

where t, is the time necessary to attain T}, at the surface, a =a(h/k)?, “o” the thermal
diffusivity and “k” the thermal conductivity. It needs to be noted that “k” and “a” are not
the fuel or water properties but an equivalent set of properties that includes the
contribution of both liquids. If q] =qg,,, T is expected to be reached when t — e and

the critical heat flux that would lead to pyrolysis can be derived from equation (4) and is
given by

o, =h(T, -T) &)

It has to be noted that equation (5) predicts a linear dependency between the
pyrolysis temperature and the critical heat flux for ignition. The flash point temperature
could be used as an approximate value for the pyrolysis temperature, therefore correlation
between the critical heat flux for ignition and the flash point temperature will serve as
validation for this approach. :

For ¢! >>qj, it can be assumed that [1- exp(atp)erfc(\/a NES 72;—(atp )% which

leads to the approximate expression valid for short times (t,)

ew N2

ﬂ qO,p
t, =— 6
P 4a(€12) ©
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Equation (6) is of great practical importance since shows that a plot of t,'% as a function
of the corresponding q; will be linear for q; >4 and from the slope of this line the

value of “a” can be determined. The fire literature generally refers to “a” as a global
thermal property.

3.0 Methodology

The Lateral Ignition and Flame Spread Test (LIFT- ASTM E-1321) has been
extensively used to extract solid fuel “fire properties” under various heat insults
originating from an external radiant energy source (Quintiere, 1981). The sample is
positioned vertically, and a uniform radiant flux is suddenly applied. For this study the
LIFT had to be rotated 90° to a horizontal position (figure 1). A fan, capable of inducing
an air flow velocity of 0.1 m/s, was placed at the trailing edge of the sample. A
homogeneous flow is guaranteed by means of a duct placed in front of the fan. The duct
is filled with steel wool sandwiched between two honeycomb plates.

TOP VIEW

Plate
Ay Radiant Panel
200 mm
: 7' >
Fan Pilot .
100 mm

1 SIDE VIEW

Fuel + Water
ray
2 Ll i} 'I
50 mm 100 mm
Figure 1 Schematic of the Experimental Apparatus.

A radiation shield (marinite board) is placed in front of the panel before the sample
is introduced to its test position (figure 1). Once the sample has been placed, the
radiation shield is removed and time recording starts. It was observed that differences
between tests conducted under similar conditions increased as the distance from the pilot
to the fuel edge increased and as the size of the pilot decreased. In opposition, a
thermocouple placed at the edge of the tray close to the fuel surface registered a heat
contribution from the pilot as the pilot increased in size and was placed closer to the tray
trailing edge. Thus, choice for size and location of the pilot resulted from a systematic
study that minimized the effect of heat feed back from the pilot to the fuel surface and to
guaranteed best repeatability of the results (Wu et al, 1997). Premature ignition by a pilot
flame has been addressed by several authors who showed similar observations (Glassman
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and Dryer, 1980). This systematic study lead to small propane diffusion flame (20 mm in
height) established on a 4 mm stainless-steel nozzle to be used as an ignition pilot. The
nozzle was placed 10 mm above the fuel surface plane in the centerline and 10 mm
downstream of the leading edge of the ignition tray (figure 1).

The fuel tray was placed under a 200 mm square plate with a 100 mm square hole
in the middle where the fuel was located. Details on this plate and its use will be
provided by Wu et al. (1997).

The radiant panel forms an angle of 15° with the sample, with the objective of
producing a heat flux distribution as the one shown by Quintiere (1981). Despite the
inclination the incident heat flux for the region up to 150 mm is relatively uniform
providing a constant heat flux boundary condition for the fuel/air interface.
Thermocouples measurements have been used to characterize the temperature evolution
of the fuel and have shown neglectable differences at several locations along the fuel
surface. Detailed hardware characteristics, typical heat flux distributions and
experimental procedures involving the LIFT have been well documented (Quintiere,
1981, Wu et al. 1997) and will not be repeated here.

4.0 Experimental Results and Discussion

4.1 Ignition Delay Time _

To calibrate the apparatus, SAE 30 W oil was first used for the ignition tests. This
fuel was used to make possible comparison with previously reported results on ignition
delay time (Putorti et al. 1994) and also because of the high flash point (approximately
250°C). The higher flash point results in a longer ignition delay time providing a longer
period to observe the different processes affecting ignition. Radiation absorption is also
lower with SAE 30 oil favoring boiling of the water bed. Although the viscosity of SAE
30 oil is generally higher than that of crude oils, it is very sensitive to temperature
(approximately 1x107 at 0°C and 1x10° at 100°C) reaching comparable values after only
a small temperature increase.

The results from these experiments are presented in Figure 2 together with data
obtained for the same fuel by Putorti et al. (1994). Following equation (6) the ignition
delay time is presented as 2. It can be observed that, although the ignition delay time
significantly differs from the values found by Putorti et al. al. (1994) data converges to a
unique critical heat flux for ignition. Since these experiments where conducted using
different ignition procedures and under different environmental conditions, ty is expected
to be different, thus, affecting the ignition delay time. On the contrary, t; should not be
affected if convective losses are similar in magnitude or can be neglected. As the

external heat flux approaches ¢y, , tm becomes neglectable compared to t, and all data

converges to a unique point (qg;, ~ 5 kW/ m?), as observed in Figure 2. This linear

dependency corresponds well with data reported in the literature for solid fuels
(Quintiere, 1981, Mikkola and Wichman, 1989) and serves to validate the above
mentioned assumptions.
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Figure 2 Ignition Delay Times for SAE 30W Qil Using the HIFT Apparatus and Cone
Calorimeter.

For the particular case of an oil-slick on a water bed, the water underneath the fuel
might attain boiling before ignition occurs. It was observed that once boiling started
ignition of the fuel was precluded. Heating of the bed can be treated as a semi-infinite
solid and temperature distributions can be predicted quite accurately (Brzustowski and
Twardus, 1982). The analytical prediction of a characteristic time to boiling goes beyond
the scope of this work. But, the determination of a minimum heat flux that will lead to
boiling (q; 5 ) before ignition can occur is of great practical importance therefore needs to
be included as a complement to the critical heat flux for ignition.

800
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0 5 10 15 20 25 . 30

Heat Flux (kW/m?)

Figure 3. Critical Heat Flux to Boil (g5 5 ) for SAE 30W Oil Using the HIFT Apparatus.

As the external heat flux decreases the temperature gradient at the surface decreases
and thermal penetration increases before the surface attains T},. If the thermal wave can
increase the water temperature at the fuel/water interface to the boiling point before the
surface reaches T, boiling will prevent ignition from occurring. The minimum heat flux
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that will allow the surface temperature to reach T, before boiling is given by q}, and

presented in figure 3. As the fuel layer decreases in thickness, the heat wave will reach
the water faster allowing for a shorter available time for the surface to reach T, and

consequently requiring a higher temperature gradient at the surface (higher qf ).
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Figure 4. ANS Crude Oil Ignition Delay Time for Various Levels of Evaporation.

4.2 Crude Oils and the Effect of Weathering

A series of tests were conducted with two crude oils. Figures 4 and 5 show
ignition delay times for different external heat fluxes obtained for ANS crude oil, data
reported by Putorti et al. (1994) and Cook Inlet crude oil. The data presented is an
average of at least five experiments conducted under identical conditions. It was
observed that ANS crude oil in its natural state ignited at ambient temperature, therefore
no external heat flux was necessary. Flash points for this type of fuel have been reported
as low as 19°C (SFPE Handbook, 1994) showing agreement with the above observation.
When weathered, the ignition delay time decreases as the heat flux increases and a linear
dependency between the external heat flux and tig'm is obtained. The intercept with the
horizontal axis will provide the critical heat flux for ignition with negative values
implying that the fuel will ignite at ambient temperature. Figure 4 shows that the critical
heat flux for ignition will increase with weathering. When a line fit is made through the
data corresponding to a specific mass loss it can be observed that these slopes remain
invariant with the weathering level. The critical heat flux corresponding to the
experimental data reported by Putorti et al (1994) fits well with the data collected in the
present work. As previously mentioned the different experimental conditions account for
the difference in slope.

Tests were conducted for different levels of evaporation and fuel layer thickness.
Figure 5 corresponds to an example of the complete set of data for Cook Inlet crude oil.
It is important to observe that for a fuel layer thicker than 8 mm the results are
independent of this thickness. Systematic determination of the critical heat flux for
ignition should be done using layers thicker than 8 mm. In contrast, it will be necessary

to determine qg, for all fuel layers.
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Figure 5. Cook Inlet Ignition Delay Time for Various Levels of Evaporation.

As demonstrated by equation (6) the slope of the line fit to the data from
presented in figures 4 and 5 provides the thermal property, “a”, of the fuel. Figures 4 and
5 show that the slope remains invariant with the mass loss due to weathering. This is
important since it proves that although the ignition event is controlled by the most A
volatile fractions of the crude oil, thus is affected by weathering, the heating process and
the properties that characterize it are determined by the heavier fractions, thus invariant
with weathering. In opposition figure 5 shows that the water bed has a significant
influence on both the global thermal properties and the critical heat flux for ignition.

The critical heat flux for ignition (qg;, ) as obtained from figures such as figure 4
and 5 is presented in figure 6. Results are presented for Cook Inlet and ANS crude oils
for different fuel layer thickness. Figure 6 shows a discrepancy between the critical heat
flux for ignition for 3 mm as opposed to almost identical values obtained for 8 and 15
mm layers. Thus, it can be verified that the fuel layer thickness affects the critical heat
flux for ignition up to a thickness of 8 mm, with thicker layers resulting in almost
identical results. The effect of fuel layer thickness was mostly manifested on the curves
being truncated by boiling before attaining qg;, . The increasing value of qg,;, with
mass loss shows that weathering makes ignition more difficult, the increasing slope of the
curve points towards the possibility of an asymptotic value at which the crude oil will not
ignite. Based on the values for 4, ANS crude oil was observed to be more prompt to
ignition than Cook Inlet crude oil. Cook inlet ignited without an external heat flux for a
mass loss rate smaller than 10 % and ANS crude oil for a mass loss smaller than 7%. The
results presented are representative of all other cases studied.
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4.3 Flash Point Temperature

Results from flash point test for the crude oils as a function of the mass loss due
to weathering are presented in figure 7. Each point in the figure represents the average of
10 tests conducted in accordance with ASTM D56 standard. As seen from the figure,
flash points extracted using the ASTM D56 closed cup tester have a linear dependence on
the level of evaporation for both crude oils. More importantly, the flash points for ANS
crude oils are significantly higher than the Cook Inlet crude. Note that data is only
presented for flash point temperatures above ambient (>20°C), since no ignition tests
were conducted for temperatures lower than ambient. A mass loss greater than 20% has
been demonstrated to need weeks of weathering under natural conditions (Ostazeski,
1996), therefore 20% will be used as an upper limit to the mass loss.

80 1 ¢ ANS flash point
= Cook Inlet flash point

8

Temperature (*C)

) 5 10 15 2 2 "30
% Mass Loss

Figure 7. ASTM D56 Closed Cup Flash Point Tests for ANS and Cook Inlet Crude Oils.

Evaporation is the dominant weathering process that affects the crude oils in the
marine environment. Depending on the conditions, the physical, chemical, and
toxicological properties of a crude oil can be altered significantly by evaporation. Few
references are available that provide sound results relating accelerated laboratory
evaporation of crude oils to actual field conditions. Hydrocarbons constitute the most

137



important fraction in any crude oil. Although the proportions of each fraction varies
significantly, (e.g. from 30-40% to 100% in gas condensates), they account for up to 70%
in all petroleum on the average (Petrov, 1987). The light boiling fractions of standard
crude oil can contain up to 150 different hydrocarbons. The complexity of petroleum
hydrocarbon makes identification of individual elements difficult. However, in the early
1960’s an elaborate analytical method was developed called gas chromatography-mass
spectrometry. This allowed classification of fractions individual groups according to
molecular structure: (1) Alkenes (Cs-Cqo); (2) Napthenes or Cycloalkenes; and (3)
Aromatic Hydrocarbons (Arenes).

The least complicated are the Alkenes, which are divided into three fractions.
Fraction I is of primary interest since the Cs-C;; hydrocarbons are distilled from the crude
oil at a temperature range of 30-200 °C. McAuliffe (1989) characterizes evaporation as a
function of time to liberate the Cg and lower hydrocarbons. The selection of this criteria
is not arbitrary as the lighter fractions were not only the most likely to evaporate, but also
the most biologically hazardous. This is the referencing standard to compare accelerated
laboratory weathering to field conditions. Therefore, an analysis of only simple
unsaturated hydrocarbons (<C,;) is made between individual petroleum fractions and
weathered Cook Inlet and ANS crude oils. Complicated components such as saturated
cyclic hydrocarbons (naphthenes) and aromatic hydrocarbons have been omitted because
of the complex nature of these fractions. Weathering under very similar conditions as
those presented here was conducted by Garo (1996) with a mixture of crude oils (63%
Kittiway, 33% Arabian Light and 4% Oural) showing a variation of the flash point
consistent with the above presented data. By means of gas chromatography Garo (1996)
determined that hydrocarbons smaller than Cg will be almost entirely evaporated before a
mass loss of 10% is achieved. All these hydrocarbons have a flash point below 20°C,
therefore the flash point of the weathered oil remained below this temperature. If 15%
mass loss is attained hydrocarbons smaller than Cy are almost entirely evaporated. Flash
point temperatures below 50°C characterize hydrocarbons in the range Cg to Cyo, thus the
flash point of the weathered crude oil remains in this range. Further evaporation to
approximately 20% leads to almost complete evaporation of hydrocarbons smaller than
C)¢ resulting in an increase of the flash point to a value characteristic of these fractions
(<80°C).

A comparison of the flash point temperature and critical heat flux for ignition as
obtained by the HIFT ignition tests is presented in figure 8. The data points correspond
to different levels of weathering. It can be noticed that the flash point temperature has a

linear dependency with the critical heat flux for ignition (q5;, ), as predicted by equation
(5). The line fit, for ANS and Cook Inlet oils, converge to ambient temperature (20°C)
for 47, = 0. This observation is of great importance since it shows that the flash point

temperature can be used as characteristic ignition temperature.- Furthermore, by means of
equation (5) the global heat transfer coefficient can be evaluated and corresponds to the
slope of the line fit.

This information can be used in two ways. As shown by equation (3) the global
heat transfer coefficient consists of radiative and convective components. The convective
component is independent of the fuel, thus the slope of the data presented in figure 8
provides an indirect measure of the emissivity of the fuel. More important, if the global
heat transfer coefficient (h) is known, and “a” is extracted from the ignition delay time, a
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“fire property,” the product of the thermal conductivity, the density and the specific heat
capacity (kpC) can be obtained.

2

(kpC) = h: (7
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Figure 8. Flash Points of ANS and Cook Inlet Crude Oils at Various Levels of
Weathering.

5.0 Conclusion

To study piloted ignition of a slick of oil on a water sub layer, a modified LIFT
apparatus is used. As for solid fuels, ignition delay times and a critical heat flux for
ignition of a liquid fuel supported by water can be extracted using this testing
methodology. Open cup flash point temperature measurements are presented to
complement the piloted ignition tests. The propensity of a crude oil to ignite can be
characterized by three different parameters:

1. The critical heat flux for ignition (q;;, =~ ). it is independent of the
environmental and experimental conditions and provides a measure of the

minimum heat insult necessary to guarantee attainment of a pyrolysis
temperature, thus production of enough gaseous fuel for ignition. The critical

heat flux for ignition is obtain by extrapolation to t;, — c of the ignition
delay time data.
2. The critical heat flux for boiling (g} 5 ), which provides a measure of the

minimum heat flux necessary to attain ignition before boiling of the sub layer
occurs.

3. The thermal “fire property” of the fuel (kpC) can be extracted from the
ignition delay time in combination with the critical heat flux and provides a
measure of the heating process. It is a function of the fuel and is independent
of the experimental and environmental conditions.
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The experimental methodology and its theoretical underpinnings were validated
with SAE30W oil, ANS and Cook Inlet crude oils in its natural state and under different
levels of weathering. The results show consistency and correlate well with other data
present in the literature.

For a comprehensive evaluation of the ignition potential of a crude oil in an oil spill
scenario the conclusions pertaining ignition should be accompanied by similar
information on the characteristics of the flame spread and mass burning processes.
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The Effect of Weathering on Piloted Ignition and Flash Point of a Slick of Oil
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Abstract

Ignition of a slick of oil on a water bed has been studied to provide a tool that will
serve to assess a fuels ease to ignite under conditions that are representative of oil spills.
Two different techniques are used, piloted ignition when the fuel is exposed to a radiant
heat flux and flash point as measured by the ASTM D56 Tag Closed Cup Test. Two
different crude oils were used for these experiments, ANS and Cook Inlet. Crude oils
were tested in their natural state and at different levels of weathering, showing that
piloted ignition and flash point are strong functions of weathering level.

1.0 Introduction

Burning of an oil spill is of interest as a result of offshore exploration, production,
and transportation of petroleum. In-situ burning can provide an effective means for the -
removal of an oil slick reducing negative environmental impact. The efficiency of the
ignition and burning process is crucial for the successful elimination of the crude oil.
Burns of spilled oil at sea suffer from the effects of wind and waves. Volatiles tend to
evaporate with time (weathering) and mixing forms oil/water emulsions. Consequently,
alteration of the physical or chemical properties of the oil can require additional energy
for ignition. In-situ burning of an oil spill requires the fuel to ignite and that ignition to
be followed by spread and leading to mass burning. In the present work emphasis will be
given to ignition. This study will use two different crude oils (Cook Inlet and ANS) in
their natural state and subject to different levels of weathering.

2.0 Background

The ASTM D56 Tag Closed Cup flash point tester was used to characterize the
thermal properties under a controlled environment. The standard should be referenced
for details of the apparatus and procedures (ASTM, 1990). Flash point is defined as the
lowest temperature, at a pressure of 760 mm Hg, at which application of a test flame
causes the vapors to ignite. The flash point measures the tendency of a fuel to form a
combustible mixture with air under a controlled laboratory condition.

Ignition of a combustible material can be accomplished in two ways, by heating the
material until ignition of the fumes occurs, spontaneous ignition, or by heating the
combustible material until the mixture between the fuel and air reaches the lean
flammability limit. Ignition is achieved by means of a hot spot, piloted ignition. For in-
situ burning piloted ignition will be the appropriate mechanism to consider.

The mechanisms leading to gas phase ignition can be described as follows. The
liquid bed is considered initially at ambient temperature, T;. After imposing an external

heat flux (") the temperature of the bed rises until the surface reaches the pyrolysis
temperature (T,). The time required for the fuel surface to attain Ty, is the pyrolysis time,
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tp. After attaining Ty, the vapor leaves the surface mixes with the ambient oxidizer, and
creates a flammable mixture near the solid surface. This period is the mixing time , ty,. If
the temperature is increased until the reaction becomes self-sustained flaming ignition
will occur. This is the induction time, t;. Extending the analysis by Fernandez-Pello
(1995), the ignition time (tig) will be given then by

Introducing a pilot reduces the induction time making it negligible when compared
to tp and t,. Furthermore, mixing can be considered as a fast process compared to
heating of the fuel, therefore, pyrolysis temperatures and times are, thus, commonly
referred as ignition temperature and ignition time (Quintiere, 1981) and

tig=tp (2)

and Tig can be defined as T,. In the present study the geometry will be chosen to make tp,
and t; minimal, thus 4, ~ 4, and, from equation (2), t, ~ t,,.

To obtain t, the fuel and water bed are assumed as one thermally thick material.
Carslaw and Jaeger (1963) give the solution to the one-dimensional transient heating of a
semi-infinite slab and Quintiere (1981) elaborates on all additional assumptions. A
linearized heat transfer coefficient, h, is used to describe heat transfer at the surface and
all heat loss terms can be reduced to

eo(T* =T +h (T-T, )~h(T-T,) (3)

where hc is the convective heat transfer coefficient, € the emissivity of the fuel, o the
- Stefan-Boltzmann constant (6=5.67x10" W/m?.K*) and T, the ambient temperature.

These assumptions lead to the following solution for the attainment of the pyrolysis
temperature as a function of time

h(T, —T;) = q.[1 —exp(at, Jerfc(at )] 4

where a =a(h/k)?, “o” the thermal diffusivity, “k” the thermal conductivity and both
are equivalent set of properties that include the contribution of both liquids. If q7 =4,
T, will be reached when t — oo and a critical heat flux would be

Qo = (T, —T) : &)

Equation (5) predicts a linear dependency between T; and q;,;,. The flash point
temperature can be used as a value for T but validation is necessary. For q;>>qg,, it
2

can be assumed that [1—exp(at, )erfc(, /at )= 7
T

(at,)""* which leads to
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Equation (6) is of importance since shows that q has a linear dependency on tp'” 2 for
d; > g, from the slope of this line the value of “a” can be determined. The

experimental methodology was described by Quintiere (1981) and more recently, in the
present application, by Wu et al. (1997), therefore will not be repeated here.

3.0 Experimental Results and Discussion

Wu et al. (1997) showed that, although the ignition delay time varies with the
geometry, data converges to a unique critical heat flux for ignition. For the particular case
of an oil-slick on a water bed, the water underneath might attain boiling before ignition
occurs. Once boiling starts ignition of the fuel was precluded, thus, a complete

description ignition can only be achieved by determination of Gg and qg,, .
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Figure 1. ANS Crude Oil Ignition Delay Time for Various Levels of Evaporation.

A series of tests were conducted with the two crude oils. Figure 1 shows ignition
delay times for different external heat fluxes obtained for ANS crude oil, data reported by
Putorti et al. (1994). It was observed that ANS crude oil in its natural state ignited at
ambient temperature. When weathered, ti; decreases as the heat flux increases and a
linear dependency between the incident heat flux and ti"' is obtained. The intercept

with the horizontal axis will provide qg;, showing that qg;, increases with weathering.

It can be observed that the slopes remain invariant with the weathering level. The qg,,

value corresponding to the data reported by Putorti et al (1994) fits well with the present
work. As previously mentioned the different experimental conditions account for the
difference in slope.

As demonstrated by equation (6) the slope of the line fit to the data presented in
figures 1 provides the thermal property, “a”, of the fuel. Figure 1 shows that the slope
remains invariant with the mass loss due to weathering. This proves that although the
ignition event is controlled by the most volatile fractions of the crude oil, thus is affected
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by weathering, the heating process is determined by the heavier fractions, thus invariant
with weathering. The critical heat flux for ignition (g}, ig ) as obtained from figure 1 is

presented in figure 2. Results are presented for Cook Inlet and ANS crude oils. Figure 2

shows a discrepancy between the critical heat flux for ignition for 3 mm as opposed to
almost identical values obtained for 8 and 15 mm layers. The effect of fuel layer
thickness was mostly manifested on the curves being truncated by boiling before

attaining qg;, . Based on the values for qp;, ANS crude oil was observed to be more

prompt to ignition than Cook Inlet crude oil. Cook inlet ignited without an external heat

flux for a mass loss rate smaller than 10 % and ANS crude oil for a mass loss smaller

than 7%. The results presented are representative of all other cases studied.
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Figure 2. g7, for ANS and Cook Inlet Crude Oils at Various Fuel Layer Thickness.

The flash point for the crude oils as a function of the mass loss are presented in
figure 3. Each point in the figure represents the average of 10 tests conducted in
accordance with ASTM D56 standard. Flash points show a linear dependence on the
level of evaporation for both crude oils. More importantly, the flash points for ANS
crude oils are significantly higher than the Cook Inlet crude.

Figure 4 shows that the flash point temperature has a linear dependency with the

critical heat flux for ignition (qg;, ), as predicted by equation (5). The line fits converge
to the ambient temperature (20°C) for 7 ;, = 0. This shows that the flash point

temperature can be used as characteristic ignition temperature. Furthermore, by means of
equation (5) the global heat transfer coefficient can be evaluated and corresponds to the
slope of the line fit.
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Figure 3. ASTM D56 Closed Cup Flash Point Tests for ANS and Cook Inlet.

If the global heat transfer coefficient (h) is known, and “a” is extracted from the
ignition delay time, a “fire property,” the product of the thermal conductivity, the density
and the specific heat capacity (kpC) can be obtained ((kpC)=h*/a).
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Figure 4. Flash Points at Various Levels of Weathering.

4.0 Conclusion
The propensity of a crude oil to ignite can be characterized by three different
parameters:

4. The critical heat flux for ignition (45 ~dop)-
5. The critical heat flux for boiling (d5p)

6. The thermal “fire property” of the fuel (kpC).
For a comprehensive evaluation of the ignition potential of a crude oil in an oil spill
scenario the conclusions pertaining ignition should be accompanied by similar
information on the characteristics of the flame spread and mass burning processes.
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ABSTRACT

Title of Thesis: DETERMINATION OF FIRE PROPERTIES OF
- LIQUID FUELS CHARACTERISITIC OF OIL SPILLS
USING ASTM E-1321

Degree Candidate: Neil P. Wu
Degree and Year: Master of Science, 1998
Thesis directed by: Professor Jose Torero

Department of Fire Protection Engineering

A modified ASTM E1321 (LIFT) apparatus is used to experimentally study
piloted ignition and flame spread of a slick of oil on a water sublayer. The objective of
this work is to provide a tool that will serve to assess a fuels ease to ignite under
conditions that are representative of oil spills. An existing one-dimensional heat transfer
model is used correlate the experimental results. Crude oils were tested in their natural
state and at different levels of weathering. The methodology for accelerated laboratory
weathering is validated. Piloted ignition is inhibited by premature boiling of the water
sublayer and weathering significantly increases the ignition delay time. Critical heat
flux for ignition could be obtained to characterize the fuel propensity to ignite in the
presence of a strong pilot. The minimum heat flux that will permit ignition before
boiling also needs to be considered. Flash point data for crude oils in their natural state
and various levels of weathering complements the ignition parameter and validates the
methodology. Extraction of the thermal properties of the fuel (kpCand ¢) is made
which can be used to rank the material. Although the critical heat flux increases as with
level of evaporation, thermal properties remain invariant. To characterize the entire in-

situ combustion, mass burning properties must be considered.
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LIST OF SYMBOLS

a = thermal properties, s '

c = rate coefficient for flame spread

F(t) = speciment thermal response funtion
h = heat transfer coefficient, kW/m2-K
kpC = thermal inertia, (kW/m%-K)*-s

q)” = flame heating parameter, (kW)*m?
9o = critical heat flux to attain boiling, kW/m?
dgie = critical heat flux for ignition, kW/m?®
q: = external heat flux, kW/m?

t = time, s

tig = ignition delay time, s

t* = characteristic equilibrium time, s

Tig = ignition temperature, °C

Ta = flash point temperature, °C

Ts = surface temperature, °C

V¢ = flame spread velocity, m/s

X = longitudinal position along centerline of specimen, m
a = thermal diffusivity, m%/s

O, = flame heating distance, m

€ = surface emmisivity

c = Stefan-Boltzman constant, kW/m>-K
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CHAPTER 1 INTRODUCTION
(ploration, production,
and transportation of petroleum [1]. Sensitive oceanic environments require immediate
response to remove a hazardous oil slick. In-situ (Latin for “in place™) combustion is an
effective response tool for the removal of an oil slick to reduce negative environmental
impacts. Cleanup by combustion is more attractive than other spill mitigation methods.
This approach requires less labor than other removal techniques, such as using
mechanical recovery or chemical dispersants. Furthermore, the efﬁciency of in-situ
burning, 85 ~ 99%, is greater than mechanical recovery or dispersant efficiency, 33 —
67% and 50 — 70%, respectively [2]. A review of oil spill combustion studies shows
that oil removal by in situ combustion has been reported to be greater than 99% basbed
on large-scale oil spill burn experiments [3]. In certain situations, in-situ burning is the
only feasible response method. For example, the magnitude of an oil spill may
overwhelm the containment and storage equipment, or remoteness of the oil spill may
make accessibility difficult. Primarily, in-situ burning is employed to rapidly remove a
large volume of oi! from the surface of water to reduce subsequent environmental
effects.
1.1 Background

Although in-situ burning is relatively simple, effectiveness is limited by various
physical factors, such as oil slick thickness, degree of weathering, amount of
emulsification, and environmental conditions. Generally, quicker response by in-situ
burning results in a higher efficiency. Thickness of the slick affects the burning of an

oil slick. For instance, an oil slick continues to burn until it reaches a minimum
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thickness range between 0.8mm to 3mm [4]. When the oil slick goes below this level,
heat loss to the water underneath is sufficient to quench the fire. Since an oil slick tends

to disperse and spread with time, more effective burning is achieved by quicker

Most accidental and deliberate burns of spilled oil at sea suffer from the effects
of wind and waves. Spreading and evaporation can alter the characteristics of an oil
slick. Volatiles tend to evaporate rapidly with time (weathering) and mixing tend to
form oil/water emulsions making the oil difficult to ignite. Consequently, alteration of
the physical or chemical properties of the oil can require additional energy for ignition.
Several studies reported have attempted to characterize weathering and emulsions
typical of oil-spill scenarios [5].

Weathering, or aging, is defined as the reduction of volatile components in oil
through exposure to air. As a result of the loss of the lighter, more volatile
combustibles, increased weathering results in more difficult ignition and slower
combustion. Consequently, weathered oil requires more energy to evolve volatiles to
ignite and subsequently, sustain burning. To ignite weathered oil, a primer, such as
diesel fuel or fresh oil, may be necessary to vaporize the heavier remaining components.
Weathering is dependent on environmental parameters such as wave height and period,
water temperature, and wind conditions.

Emulsification is the process of mixing water into oil. At sea, constant wave
action leads to emulsification of an oil slick with water. Burning is sustained by the
release of combustible volatiles, thus, emulsions with higher water content require more

energy to burn. However, priming an emulsion with fresh crude oil may provide
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sufficient energy to initiate and sustain the combustion of an emulsified slick.
Generally, effectiveness of in-situ burning is affected by the amount of water present in
an oil slick, which is a function of the emulsification time period.

Another criterion in determining the desirability of in-situ burning is the
environmental and human health concerns. For instance, in-situ burning produces a
heavy smoke plume that many might consider a serious hazard. According to Evans
[6], only 10 through 15 percent of the mass of crude oil burned is converted to
particulate that is carried in the plume. Environmental damage to precious sea life and
shorelines is minimal in comparison other response methods which may take months or
years. Besides being faster method, in-situ burning minimizes the number of people at
risk. Manuai cleanup exposes multiple cleanup crew to hazards of the oil spill, while
in-situ burning requires only a minimal size crew.

On the other hand, in-situ burning may adversely impact on marine wildlife. For
instance, the burning of oil conducts heat to the water, thus elevating the water
temperature, including the water surface. Many marine organisms reside in this
sensitive interface between oil and water. In addition, after burning off the lighter
volatiles of the oil slick, a denser solid residue remains. This residue may sink and
affect underwater habitats. These environmental effects must be weighed against the
advantages of in-situ burning.

Though vast studies exist on the operational implicqtions (applicability, cost,
environmental damage, human heath concerns ) of in-situ burning, actual burning
characteristics, such as ignition and flame spread data, is limited. Thus, further

experimentation is necessary to analyze the limitations of in-situ burning and to
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characterize the potential of different fuels, or oil spill scenarios, to be treated by means
of this response method.

In-situ burning of an oil spill is accomplished through three distinct stages of
combustion; (1) ignition, (2) flame spread, and (3) self-sustained burning (or more
commonly mass burning). An external source of energy will ignite the liquid fuel and,
under ideal conditions, will be followed by the spread of flame parallel to the surface of
the fuel. Once the flame spread process is self-sustained, mass burning will follow.
Many studies have shown that ignition is not always followed by spread [7] therefore, is
not sufficient to guarantee efficient removal of the oil slick. The need to understand the
three stages necessary for the efficient removal of crude oil have resulted in the choice
to use a modified version L.LF.T. (ASTM-E-1321) [8] apparatus to characterizé the
burning process.

Information available on burning of a thin fuel layer floating on a water sub-layer
is quite limited. Walavalkar and Kulkarni [3] compiled an extensive review of studies
involving ignition, flame spread, and mass burning of crude oils. However, this review
focuses primarily on the burning efficiency of crude oil emulsions, in which success is
measured solely by the fraction of the spilled oil that is burned away. The authors
further indicate there is a lack of fundamental studies to understand the basic
mechanisms of crude oil combustion. Modeling of the all three stages of combustion
process must be included in the prediction of the applicability of in situ burning.

Under certain conditions, the water sublayer starts to boil, penetrates the fuel
layer, and ejects water droplets to the surroundings. This phenomenon is caused by

thermal penetration of the heat wave reaching the fuel-water interface and is termed
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“thin layer boilover.” Thin layer boil-over [1, 9, 10] has been found generally to
enhance burning rate although Koseki et al. [1] noted that boiling at the fuel-water
interface can limit flame spread. The effect of minimum fuel layer thickness necessary
for sustained combustion has been studied extensively [9, 10]. Several models have
been developed to describe the heat losses from a pool fire to the supporting water layer
[11] and to attempt description of in-depth absorption of radiation by the fuel layer [12].
Flame spread across the liquid fuel surface has also been emphasized and excellent
review papers have been published by Glassman [13] and Ross [14]. Glassman,
summarizes the extensive literature on ignition, however, it is clear that little attention
has been drawn to characterize the ignition process of liquid fuels on a water sub-layer.
Crude oils are generally complex in composition with multiple hydrocarboh
components. Although ignition behavior of individual petroleum fractions has been
studied using flash and fire points under quiescent conditions [13, 15, 16], complete
multi-component crude oils has not been addresses either in the virgin or weathered
states. The influence of weathering and the formation of oil/water emulsions on the
flash and fire points have yet to be studied. Flash or fire point tests do not incorporate
 the effects that high heat insult has on the nature of the fuel, i.e. emulsions break down
when subject to a high heat flux, thus are of reduced application for an oil spill scenario.
Furthermore, heat transfer towards the water sub-layer is entirely dependent on the fuel
properties and can preclude ignition, therefore needs to be incorporated when
characterizing the ignition and flame spread processes. To the knowledge of the author,
the only study that addresses the effect of weathering and formation of emuisions on

ignition under conditions pertinent to the oil-spill scenario is Putorti et al. [17]. This
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study was conducted in a cone calorimeter and quantified the necessary heat flux for
ignition of various liquid fuels. In this work, emphasis was placed on the ignition delay
time of weathered and emulsified samples.

Material flammability of liquid and solid fuels has been researched extensively.
Nationally recognized testing standards containing strict testing protocols are currently
available to facilitate material fuel properties. For solids, two ASTM standards are
generally used to define thermal properties of materials under a radiative insult; ASTM
E1321, Standard Test Method for Determining Material Ignition and Flame Spread
Properties [8] , and ASTM E1354, Standard Test Method for Heat and Visible Smoke
Release Rates for Materials and Products Using an Oxygen Consumption Calorimeter
[18].

1.1.1 ASTM E1321 - LIFT Apparatus

The Lateral Ignition and Flame Spread Test, or LIFT standard has been
developed to quantify material properties of combustible solids in a small-scale test.
Material properties related to piloted ignition of a vertically orientated sample under a
constant and uniform heat flux and to lateral flame spread on a vertical surface due to an
external radiant flux, are obtained through this testing standard. The LIFT has the
advantage that it allows for ignition and flame spread to be studied together which
provides a more realistic scenario than other test methods. The background behind this
test method is supported by a well-documented theoretical vfoundation. Therefore, it
provides an adequate framework for the study of complex fuels.

The procedure for the test requires two independent tests; an ignition and a

flame spread test. For both tests the fuel sample is placed in front of a radiant panel
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distance between fuel and panel of 125 mm. The radiant panel provides a heat flux
distribution to the sample for approximately the nearest 1550 mm. Beyond this point,
the radiant heat flux decays as the distance between the panel and the sample increases.
Characteristic heat flux distributions can be found in references 19, 20, 21, 8]. The
ignition specimen (155 mm x 155 mm) is placed in the region of nearly uniform heat
flux and the full sample (155 mm x 806 mm) is used to study the effect of external
radiation on lateral flame spread.

Using the extensivé theoretical background, results from the ignition portion of

the LIFT standard provide a minimum surface flux and temperature necessary for
ignition (q7;, and Tig). The material properties of the fuel can be extracted from this
information. From the lateral flame spread test, the minimum flux necessary for

sustained flame propagation (q; , ), the minimum temperature required for flame spread

(Tsmin), an effective material thermal inertia (kpC ), and a flame-heating parameter (¢ )
which is dependent on test conditions, such as the opposed flow gas velocity, the
ambient oxidizer concentration, and the properties of the fuel [21]. Together, these
specific properties can be used to predict and explain material ignition and flame spread
behavior.
1.1.2 ASTM E1354 — Cone Calorimeter

The Cone Calorimeter standard also provides a means for measuring the
response of materials exposed to controlled levels of radiant with an external ignition
source. Based on oxygen consumption, this test method is extremely versatile. The

Cone can be used to determine ease of ignition based, heat release rates, mass loss rate,
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effective heat of combustion, and visible smoke development of materials and products.
The radiant element is configured as a truncated cone producing a uniform heat flux
ranging from 0 to 100kW/m?” on the sample surface. An external spark igniter is used
as a piloted ignition source. The ASTM standard should be referenced for a detailed
description of the hardware and protocol.

Although the Cone can be used in both the vertical and horizontal
configurations, only the latter will be analyzed for experiments conducted with liquid
fuels. As seen in the LIFT standard, ignitability is determined by a measurement of the

time from initial exposure to the time sustained combustion, or ignition delay time.
Similar theory is used for this test to provide kpc, 4}, , and T,,- Comparison of data

obtained using this standard is compared to that of the modified LIFT in the following
chapter.
1.2 Objective

Although the overall objective of this study is to characterize the entire burning
process, the task is formidable. In the present work, emphasis will be given to piloted
ignition and flame spread. This choice does not provide optimal conditions for the
study of each individual element but it is justified in the general context of this problem.
This study will use two different crude oils, as representative of those commonly
extracted and transported, and SAE 30W oil as a reference of a known characterized
fuel. Crude oils will be studied in their natural state and subject to different levels of
weathering. The material properties of the fuels will be extracted using a modified
LIFT ai)paratus in conjunction with existing theoretical correlations and used to

characterize the piloted ignition and flame spread of crude oils on a water sublayer. The
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formation of emulsions and its effect on ignition will be a subject of future study but

goes beyond the objectives of the present work.
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CHAPTER 2 DESCRIPTION OF HARDWARE

2.1 The LIFT Apparatus

Piloted ignition and opposed flame spread are measured using the LIFT
apparatus shown in figure 2.1. Both the radiant heat source and sample are placed in
the vertical orientation. The radiant panel and specimen holder form a 15° angle.
Radiative exposures are produced via a natural gas-fired porous refractory tiles mounted
on the front of a stainless steel plenum chamber to provide a flat radiating surface of
approximately 280 by 483 mm. An air-acetylene diffusion flame is supplied for pilot
ignition and flame spread. The ignition sample measures 155 by 162 mm and receives
an approximate uniform heat exposure over the entire surface. To allow for an adequate
testing configuration, the flame spread sample is elongated with a decreasing radiant

flux with distance from the panel.

Acetylene- Ignition
air pilot ]i()’mi_)l Specimen
- \\\ f
— |
Radiant _» 162 mm
280 mm —
Panel -
e o
— ~N
s AN
‘\_) Flame Spread
806 mm - Specimen
Y 83 mm

Figure 2.1. Schematic of the original LIFT apparatus.
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The basis of the theoretical model behind this LIFT method can be described as
piloted ignition and flame spread as a result of inert heating of a thermally thick
homogeneous solid to an ignition temperature. The flame configuration applies to a
flame spreading into an opposed ambient flow, which closely simulates the flame
spread occurring in in-situ burning.

The experimental configuration used as starting point for the design of these
experiments is the ASTM standard for the determination of material ignition and flame
spread properties.

Details on the LIFT hardware, testing protocol and theoretical underpinnings
have been extensively documented by Quintiere and co-workers [19, 20, 21] and will

not be detailed here. A summary of the theory and basic assumptions is presented in

chapter 3.

2.2 Modification of the L.L.F.T. Apparatus

The ASTM E1321 experimental apparatus previously described has been used to
study the ignition and flame spread characteristics of liquid fuels on a supporting bed of
water. The L.LF.T. hardware had to be significantly modified for this purpose. Figure
2.2 shows a schematic of the modified hardware. Since both the panel and sample-
holder apparatus are rotated 90° to the horizontal configuration, the modified hardware
is commonly referred as H.I.LF.T. (Horizontal Ignition and_ Flame Spread Test).
Previously, this geometrical configuration has been used to study materials from which

the vertical configuration was not convenient [22].
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Figure 2.2. Schematic of the modified LIFT apparatus in the horizontal configuration.
The configuration is similar to the LIFT apparatus. However, the experimental
HIFT apparatus contains six major modifications from the LIFT apparatus. The
modified elements are the following: (1) an induced flow; (2) a radiation shield; (3)
sample holders; (4) a pilot flame; (5) a data acquisition system; and (6) the radiant

panel. Additionally, revised procedures are required for use of the modified apparatus.

2.2.1. Forced Flow

An electric powered fan 4 inches in diameter is used to induce a draft to
establish a well-defined fuel boundary layer. The flow-generating device is placed 3.5
inches from the leading edge of the sample. Additionally, a metal duct is used to

develop a parallel flow to the fuel surface. The duct shown in figure 2.2 has a 200mm
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square cross section which contains an 80mm thick bed of packed steel wool located at
the end nearest to the sample. The steel wool serves homogenize the induced flow

creating a constant laminar flow for at least the 100 mm region over the ignition tray

surface.
2.2.2. Protective Radiation Shield

A calcium silicate board of 10mm thickness is used as a radiation shield to
prevent premature heating of the sample. The shield is positioned above the sample and
extends beyond the length of the entire flame spread tray (500mm). A roller-based
system is used to facilitate movement of the radiation shield. Rollers are attached to the
frame of the shielding device for rapid removal and replacement.
2.2.3. Sample Holding Devices

All sample holders are constructed from bare 1.2mm thick stainless steel. The
ignition and flame spread specimen holders are reduced in size compared to the original
LIFT equipment to 100 mm square and 100 by 500mm, respectively. Figure 2.3(a)
shows the dimensions of the ignition tray used for experimentation. Not pictured is the
lip-ignition tray, which differs only with a Smm interior lip at the top edge of the tray.
Additionally, a 250by 250mm aluminum plate (1.2mm thickness) is placed around the
ignition sample to simulate a floor around the liquid pool. A hole measuring to the
exact dimensions of the ignition tray is removed from the center of the plate. A
thermocouple tree is placed on the side of the tray (figure 2.3(a)) with the thermocouple
tips positioned in the axis of symmetry of the tray. Further details on the thermocouple
locations are given in the following section. No correction for radiation will be

performed for the measurements.
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Figure 2.3(b) shows a schematic of the experimental tray used in the flame

spread tests. Ten thermocouple identical to those used in the ignition tests are placed

down the center plane of the flame spread tray.

thermocouples at the surface of the liquid fuel.

Heights are adjusted to position the

Considerations for fuel expansion are

taken, but the inherent limitation of this technique is the accurate positioning of the

thermocouple tip. Both flame spread and ignition trays are transported to the testing

position by a precision metal roller and track system.

Pilot

100mm

A
Y

TOP VIEW

100mm

100mm

A
'

SIDE VIEW

Figure 2.3(a). Schematic of experimental ignition tray.

173



TOP
100 mm VIEW

0.032 in. diameter chromel-alurﬁcl thermocouples

Fuel Layer

SIDE
100 mm VIEW

To Labtech EXP 32 Water

Figure 2.3(b). Schematic of experimental flame spread tray.
2.2.4. Pilot Flame

A propane diffusion flame is provided to ensure piloted ignition of the sample.
A small propane diffusion flame (20 mm in height) established on a 4 mm stainless-
steel nozzle was used as an ignition pilot. Pilot location and height is fully adjustable.
Flame height is adjusted by regulating the propane gas flow. As illustrated in figure
2.3(a), the pilot flame was positioned 10mm above the fuel surface in the centerline
10mm downstream of the trailing edge of the ignition tray. Size and location of the
pilot were a subject of a systematic study, and the final positioning was chosen to
maximize repeatability of the results.
2.2.5. Data Acquisition System

The data acquisition system software is a PC/Windows-based program by
Labtech (Release 9). Measurement devices are Omega Type K stainless steel sheathed

thermocouples with a diameter of 0.8mm. The thermocouples are attached to an Omega

174




EXP-32 external input board. The system allows for 32 input channels with a scan
frequency of 1Hz. Furthermore, the system can be initiated either manually or
automatically using the data acquisition software.
2.2.6. Radiative Panel

The radiant panel and sample orientation are rotated 90° to the horizontal axis.
Other than orientation, the radiant panel design and operation is unaltered from the
ASTM standard. Although distance of the radiant panel is lengthened to increase
sensitivity of the radiant exposure, inclination of the panel remains at 15°. Initially, the
panel was calibrated according to the ASTM E1321 standard protocol. As described in
detail by the standard, the gas-fired radiant panel should emit a uniform heat flux over
the length of the ignition sample. Calibration of incident heat flux results is shown in
figure 2.4. Over the length of the ignition sample holder, the incident heat flux is +6%.
Similar to the LIFT apparatus, the modified experimental apparatus produces an

identical heat flux distribution with distance from the radiant panel.
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Figure 2.4. Plot of incident heat flux distribution of the experimental apparatus.
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2.2.7. Protocol
Although similar to the LIFT apparatus, tests conducted with the HIFT require
additional procedures resulting from the modifications to the hardware. The additional
procedures are the following:
(1) Ignite radiant panel and obtain desired heat flux.
(2) Position radiation shield above sample.
(3) Ignite propane pilot flame.
(4) Place sample in breach of testing apparatus.
(5) Initiate data acquisition system.
(6) Transport sample to test position.
(7) Remove radiation shield.
(8) Extinguish sample after completion of test.

(9) Replace radiation shield above sample.

2.3 Preliminary Tests

Although the ASTM E1321 apparatus is well characterized, modification into
the HIFT apparatus generates some testing complexities. To study these small-scale
testing phenomena, a series of tests were conducted using SAE 30-Weight oil.
Selection of the SAE 30W oil is not arbitrary; the increased flash point temperature
(254°C) allows for longer observation times during testing. Topics addressed during
these are (1) the effect of the container geometry, (2) the effect of a flush floor
surrounding the ignition sample, (3) the effect of an induced draft, and (4) the effect of

pilot position on ignition delay time.
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2.3.1 The Effect of Temperature Gradients Between the Fuel and the Container

It has been previously observed that the container has significant effects on the
formation of recirculation currents inside the liquid. Temperature gradients in the fuel
surface induce thermo-capillary motion combined with natural convection causing
recirculation currents [14, 24]. These recirculation currents enhance heat transfer inside
the liquid resulting in a more homogeneous temperature distribution and in longer
ignition delay times. To validate this theory, ten thermocouples where placed in the
liquid bed at the axis of symmetry of the tray to verify the effects of heat transfer from
the tray towards the fuel. The thermocouples were spaced to provide a finer grid close
to the surface and to cover the entire depth of the tray. This configuration enabled |
measurement of the approximate surface temperature of the liquid fuel. Figure 2.5
shows a schematic of the thermocouple placement for the ignition tests.

Heat from the radiant panel increases the temperature of not only the fuel, but
also of the container. The inclusion of a Smm lip increased the solid surface receiving
radiation from the panel. In this case, temperatures of the upper part of the tray were
observed to be significantly higher than those observed for the no-lip tray. In contrast
the fuel surface temperature was found to be consistently higher for the no-lip tray,
while the temperatures recorded by the thermocouples deeper in the fluid were higher
for the lip tray. This is shown in figure 2.6 where the surface thermocouple
temperatures for the no-lip tray are greater than 40% over the lip tray. Figure 2.7
illustrates the effect of homogenous heating for the lip trays. The temperature

differentials for thermocouples at the surface and 3mm below the fuel surface are
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compared for both tray configurations. As stated previously, the temperatures recorded
for the thermocouple submerged in the fluid in the lip tray displayed a substantial

increase in temperature. For the tray with a lip, the temperature at the surface is almost
identical to the 3mm below. Instead, with the no-lip tray, a strong temperature gradient

is observed near the liquid surface.
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To Labtech
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v
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Figure 2.5. Schematic of the thermocouple configuration for the ignition tests.

It was observed that the temperature gradients created close to the lip resulted in
buoyantly-induced motion that redistributed the heat in the liquid. As a consequence,
the temperature gradient at the liquid surface is small. When using the tray with no lip,
these temperatures are minimized, and thus, the liquid behaves more like a semi-infinite
solid. The result is a steep temperature gradient close to the fuel surface. The former
case is characterized by slow heating of a large amount of fuel, while the latter by fast

heating of a thin liquid layer.
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To explore the nature of the recirculation currents, a fine metallic poWder was
used to coat the surface of the fuel with both trays. Observations of the flow in the lip
tray indicated increasing eddy activity of the fuel layer as the temperature difference
between the container and the fuel increased. These flow patterns were found to be
restricted to approximately 10 mm from the tray in the absence of an interior lip.
Motion of the powder was observed to be almost negligible in a circle approximately 80
mm in diameter.

Ignition was observed to occur when the surface temperature had attained
254°C. Recirculation inside the liquid bed resulted in a 30% increase in the ignition
delay time when the tray with a lip was used. For identical fuel layer thickness and
external heat flux, boiling occurred faster in the tray with an interior lip. This is alsb
seen in figure 2.7 for the thermocouple temperature of no-lip versus lip tray
configuration. Similar small-scale testing phenomenon of liquid fuels is noted in
references [14, 23, 24, 25]. In these experiments, it was determined that the sample
container geometry had a significant effect on the liquid-phase flows due to temperature
gradients.

This issue is worth an independent study but escapes the objectives of the
present work. By selecting the no-lip configuration, effect of heat transfer from the tray

was considered minimized.
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Figure 2.6. Comparison of no-lip tray and lip tray surface temperature profiles for SAE
30W oil for various locations in the fuel sample.
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Figure 2.7. Comparison of no-lip tray and lip tray temperatures for thermocouples at the
fuel surface and 3mm below the surface.
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2.3.2 Flow Structures Above the Fuel Surface

To study the flow characteristics over the fuel sample, a 0.5W red diode laser

(SDL-820) was used to create a light sheet for visualization of the smoke emerging

m the fuel surface. The images have been processed using an EPIX video card. A
threshold value was established below which all pixels where assigned a 0 value, to
obtain a more clear image of the flow structure, as evidenced by the smoke. Figures
2.8, 2.9, and 2.10 show a set of three typical images.

In the absence of a flush floor surrounding the fuel tray, clear eddies could be’
observed at the edges of the tray (Figure 2.8). It was observed that these eddies could
grow and cover the entire surface of the fuel tray. When a floor surrounded the fuel tray
(as shown in figure 2.2) the eddies disappeared and a random upward flow of gases .was
observed (Figure 2.9). As a consequence of the decreased mixing of fuel and air at the
fuel surface, the ignition delay time increased by approximately 20% over the no-floor
case. By introducing a 0.1 m/s flow pérallel to the surface a boundary layer is formed
and the all eddies were eliminated (Figure 2.10). Although the ignition delay time
remained dependent on the magnitude of the flow, this configuration allowed for
greatest repeatability. The configuration with a surrounding flush floor and induced
flow resulted in the most reproducible results.

2.3.3 Pilot Size and Location

Premature ignition by a pilot flame is addressed in several references [14, 23,

24, 26, 27]. Obviously, ignition delay time will decrease when influenced by an

additional energy source. Special attention must be given to not only the location, but

the size of the ignition source. Using the HIFT apparatus, pilot contribution is also
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minimized by introduction of the draft. A small propane diffusion flame (20 mm in
height) established on a 4 mm stainless-steel nozzle was used as an ignition pilot.
Ignition tests were conducted and results indicated ignition delay times did not change
beyond the 10 mm height and distance. Therefore, the pilot flame was placed 10 mm
above the fuel surface in the centerline 10 mm downstream of the trailing edge of the
ignition tray. It was concluded that heat contributed from a 12 mm pilot flame at a
distance of 10 mm from the surface of the fuel is considered negligible. Since the pilot
contribution is negligible, t, is expected to remain unchanged when the pilot is moved.
Conversely, t; and t, are expected to increase with distance and height from the fuel

surface.

Figure 2.8. Smoke visualization of the ignition tray with no flush floor.
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Figure 2.9. Smoke visualization for ignition tray with a flush floor surrounding the
sample.

Figure 2.10. Smoke visualization for ignition tray with flush floor and induced flow.
2.3.4 Ignition Delay Time

A set of characteristic values is presented in Table 1 to show typical ignition
delay times for fixed heat flux (14 kW/m?) and fuel bed characteristics (SAE 30, 10 mm
fuel layer thickness). All values presented are averages of no less than 5 tests. It can be
noted that the ignition delay time is a strong function of all the parameters shown in
Table I. As illustrated previously, the ignition process has shown extreme dependence
on ignition source location. Therefore, the pilot location, type of ignition tray, and
surrounding floor geometry were chosen based on repeatability of results. It was

concluded that a stable laminar flow is necessary, both to eliminate the need to keep the
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pilot flame over the fuel surface and to create a robust flow structure that can be

considered independent of the environment. The use of the floor and parallel flow was

justified on the basis of producing a homogeneous flow structure and avoiding any

recirculation zones, possibly present at the leading edge close to the fuel surface.

Representative values of the ignition delay time are presented in the table below to

provide an order of magnitude to the effects of the above described parameters on the

ignition delay time.

Table I. SAE 30 Weight oil ignition tests as 14 kW/m>.

Time (sec)

Pilot Location | No-Lip Tray Lip Tray No-Lip Tray Lip Tray
(with no floor) | (with no floor) | (with floor) (with floor)
0 mm 342 777 1075 1470
50 mm 455 820 415 727 -
100 mm 510 830
2.4 Weathering

2.4.1 Introduction

Evaporation is the dominant weathering process that affects the crude oils in the

marine environment. Depending on the conditions, the physical, chemical, and

toxicological propefties of a crude oil can be altered significantly by evaporation. The

changes induced by evaporation will have a determinant effect on in-situ burning, since

they will affect ignition [17] and most probable, flame spread and mass burning.

Therefore, characterization of the weathering process is of importance to the application

of the overall testing methodology. Few references are available that provide sound

results relating accelerated laboratory evaporation of crude oils to actual field

conditions. However, the scope of this research is quantification of the evaporation by

" mass loss, which is sufficient for characterization of the crude oil combustion.
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Hydrocarbons constitute the most important fraction in any crude oil. Although
the proportions of each fraction varies significantly, (e.g. from 30-40% to 100% in gas
condensates), they account for up to 70% in all petroleum on the average [28]. The
light boiling fractions of standard crude oil can contain up to 150 different
hydrocarbons. The complexity of petroleum hydrocarbon makes identification of
individual elements difficult. However, in the early 1960’s an elaborate analytical
method was developed called gas chromatography-mass spectrometry. This allowed
classification of fractions individual groups according to molecular structure: (1)
Alkenes (Cs-Cao); (2) Napthenes or Cycloalkenes; and (3) Aromatic Hydrocarbons
(Arenes).

The least complicated are the Alkenes, which are divided into three fractioné.
Fraction I is of primary interest since the Cs-C,; hydrocarbons are distilled from the
crude oil at a temperature range of 30-200 °C, which corresponds to most of the range
of interest. McAuliffe [29] characterizes evaporation as a function of time to liberate
the Cy and lower hydrocarbons. Similarly, the Bartlesville Project Office (BPO) Crude
Oil Analysis Data Base User’s Guide specifies the Cg fraction (light gasoline) to be
distilled at temperatures of 100°C [30]. The selection of this criteria is not arbitrary as
the lighter fractions were not only the most likely to evaporate, but also the most
biologically hazardous. This is the referencing standard to compare accelerated
laboratory weathering to field conditions. Therefore, an analysis of only simple
unsaturated hydrocarbons (<Cy,) is made between individual petroleum fractions and

weathered Cook inlet and ANS crude oils. Complicated components such as saturated
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cyclic hydrocarbons (naphthenes) and aromatic hydrocarbons have been omitted
because of the complex nature of these fractions.

As mentioned previously, data correlating accelerated laboratory evaporation to
weathering in a marine envi
model, EUROSPILL, was developed to provide information of a chemical release of
hydrocarbons from a slick of oil to the atmosphere and water [31]. Data extracted from
several laboratory expeﬁrﬁents were used as inputs for the spill algorithm. For tests
conducted using pure styrene and divinylbenzene on open water with winds of 10 knots
and 0.9 meter high waves, the model accurately predicted the rate of evaporation. In a
similar effort, Reijnhart and Rose [32] investigated the effects of temperature, mixing,
wind, and slick thickness on the rate of evaporation. Batch evaporation experimenté
with Ekofisk, Brent, Kuwait, and Burgan crude oils correlated very well with their
evaporation model. Although simulating controlled field conditions was difficult,
predicted evaporation by their model was in good agreement with full-scale sea spills.

Finally, Ostazeski and coworkers [33] pfovide a detailed study of the weathering
properties and the predicted behavior at sea of a No. 6 fuel oil. Because of the
similarities to crude oil, No. 6 fuel oil was artificially weathered in a laboratory and
used as inputs to the IKU Oil weathering model. Although large-scale experiments
were not conducted to validate this predictive evaporation model, a mass loss of 10-
20% by weight is predicted after 5 days with a sea surface temperature of 20°C. A

similar evaporation trend is expected from both Cook Inlet and ANS crude oils
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2.5.2 Description of the Laboratory Weathering Station

Weathering is simulated in the laboratory using an Arrow Engineering, Inc.
Model 493SG rotary evaporator. Figure 2.11 shows a schematic of the laboratory
evaporating apparatus. Using this method of evaporation, time, temperature, volume
and mixing velocity can be controlled to produce exposures that will result in a mass
loss of comparable magnitude to those observed in the first days of an oil-spill.
Temperature of the sample is controlled by using a thermostatically controlled water
bath, and mixing velocity is regulated by the controlling the input air pressure of the
pneumatic rotary evaporator. Weathering is measured on a mass loss basis using an

Acculab Model V-1200 digital scale with an accuracy of £0.05g.

¢~ DICITAL SCALE

THERMOMEIER ——p
4——— 1080 mL BFAKFR

TEMPERATURE
4—— CONIROLLED
© WATER BATH

Figure 2.11. Schematic of the temperature controlled rotary evaporation equipment.
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Weathering a crude oil sample involves a simple protocol using the equipment
described. First, the evaporation goal is specified and a water bath temperature is
selected. A fresh crude oil sample is poured from the container into a graduated glass
beaker for volume measurement. Visual observation of the volume is approximate and
may be a possible source of error. The weight of the metal vessel used in the
weathering apparatus is determined electronically and documented. Next, the fresh
crude oil sample is carefully poured into the metal testing beaker. All weathering
procedures are conducted inside a chemical hood to prevent contamination of hazardous
volatiles to the environment. Immediately, the crude oil sample with the metal
container are weighed using the electronic scale and documented. Next, the metal
beaker is placed into the warm-water bath. Then, the rotary evaporator is inserted ihto
the metal vessel containing the crude oil. After adjusting the height of the metal coil
inside the container, the rotation speed is adjusted by varying the input pressure of air
into the pneumatic motor. Finally, the beaker is removed periodically for measurements
of the crude oil and metal beaker, which are taken and recorded until the evaporation
goal is accomplished. Transport of the testing vessel to the electronic scale results in
slight mass loss due to human operational effects, which may also be sources of
experimental error.

2.5.3 Experimental Results

The following section illustrates the effect of varying the volume, mixing and

temperature conditions. Results obtained in this study are in good agreement with all

known sources of laboratory crude oil evaporation.
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2.5.3.1 The Effect of the Initial Volume and Mixing

It has been observed during oil-spills that evaporation starts at the surface of the
fuel and penetrates with time, thus fuel layer thickness has a significant effect on the
weathering process. In a laboratory scale it is necessary to obtain homogeneously
evaporated oil, therefore mixing is introduced to guaranty this homogeneity. The initial
volume of the fuel sample influences the effectiveness of mixing, therefore, these
parameters were varied systematically and the total mass loss recorded. Experiments
were conducted with Cook Inlet and ANS crude oils for a variety of conditions, but for
brevity only representative cases will be presented to explain the trends.

The initial volume of the sample was increased keeping all other parameters
invariant while the mass loss was recorded. The results are presented in figure 2. 12 and
2.14. These figures show that an increase in the volume of fuel reduces the evaporation
rate. Thus a smaller percentage of fuels evaporate for a specific time period. When the
mass loss is plotted as a function of the initial volume, for different times (Figure 2.13
and 2.15) it can be noticed that the dependency is linear for both ANS and Cook Inlet

crude oils.
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Figure 2.12. Cook Inlet crude evaporation as a function of time for various initial
volumes.
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Figure 2.13. Cook inlet crude evaporation as function of the initial volume for specific
times.

Similar trends are noticed for the evaporation of ANS crude oil as a function of

initial volume. Figure 2.14 shows the evaporation rate as a function of volume for ANS
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crude oil. It can be seen that the linear dependency of the mass loss with the initial

volume (figure 2.15), observed for Cook Inlet oil, is also present in this case.

25
20l
— A e ° a
°\e A [} g D
PR N o BCHalf @00
S o O 0 85C helf (8001
2 10+ R A 85C half (400nL)
= 0
51 ¢
A
On " : 4 : —
0 50 100 150 200 250 300
Time (min)

Figure 2.14. ANS crude evaporation as a function of the time for various initial
volumes.
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Figure 2.15. ANS crude evaporation as a function of the initial volume for specific
times.
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A similar trend can be observed when a rotary evaporator was introduced to

enhance mixing. When mixing is introduced evaporation occurred faster (Figures 2.16

and 2.17), independent of the speed of the rotor. Enhancement of the evaporation rate

due to mixing occurred for a very low rotor speed, and it was impossible to determine

the speed at which the transition between the slow and fast evaporation rate occurred.

This limitation was imposed by the discrete number of speeds of the rotary evaporator

used for the present study. As mentioned before, larger volume results in a slower

evaporation rate. Figure 2.16 shows data for two different volumes and various rotator

velocities for Cook Inlet crude oil.
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Figure 2.16. Cook inlet crude evaporation as a function of time for various rotator
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Figure 2.17. ANS crude evaporation as a function of time for various rotator velocities.
72. 3.3.2 The Effect of Temperature

To study the effects of temperature on the rate evaporation, all other paramefers
were held constant and mass loss was recorded. To ensure the temperature of the crude
oil remained constant through the test duration, the automated thermostatic control
specified previously was used. Results are located in figures 2.18. and 2.20. These
plots show that an increase in temperature results in an increased evaporation rate.
Therefore, a larger percentage of fuels evaporate for a specified time period.
Furthermore, figures 2.19. and 2.21 illustrate that these change mass loss is linear with

change in temperature for the two crude oils.
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Figure 2.18. Cook Inlet crude evaporation as a function of time for various
temperatures.
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Figure 2.19. Cook Inlet crude evaporation as a function of temperature for various
times.
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Figure 2.20. ANS crude evaporation as a function of time for various temperatures.
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Figure 2.21. ANS crude evaporation as a function of temperature for various times.
Fingas [34] reports that the evaporation of crude oils, based on absolute weight,
has a logarithmic relation with time. Examples of equations to predict evaporation are

provided in Table II. Eventually, mass loss asymptotically reaches a limit of
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evaporation as a function of the time. This relationship is experimentally confirmed
from the previous figures for the evaporation of Cook Inlet and ANS crude oils. The
empirical values presented by Fingas [34] show a dependency of the parameter with
temperature as

%Ev.=(x+y-T)In(t) 2.1
Therefore, the percent mass loss is expected to change in a linearly with temperature,
where x and y are empirical constants obtained experimentally. Expression such as
those presented in Table II are only empirical correlations, thus, are presented only as
background to the present study. Validation of the logarithmic dependency goes
beyond the scope of this work.

Table II. Equations for predicting evaporation of crude oils [34].

Oil Type Equation

Arabian Light %Ev = (2.52+0.037D)In(t)

Cook Inlet-Swanson River %Ev = (3.58+0.045T)In(t)

North Slope-Middle Pipeline | %Ev = (2.64+0.045T)ln(t)

Prudoe Bay %Ev = (1.4+0.04T)In(t)

Santa Clara %Ev = (1.65+0.045T)In(t)

Bobra [5] takes a similar approach for experiments conducted with ANS and
other common crudes, but also varies the initial fuel volume. Similarly, his results
show a logarithmic relation of mass loss over time using a rotary evaporator and
identical decrease in evaporation with an increase in volume. This logarithmic trend is
physically representative of the additional effort required to volatize the heavier
remaining crude fractions. However, in the study conducfed by Bobra, the evaporation
time was extended to an order of magnitude of a week, which resulted in mass losses of
30-40% for ANS. Due to safety precautions, evaporation tests in this research were

limited to 8 hours producing approximately 20% weight loss of ANS crude.
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2.6 Summary

Selection of the weatherin
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volume) is based upon three criteria: (1)time; (2) accuracy; (3) and repeatability.
Therefore, from the data presented above, it is justified that a minimum initial volume
of 600mL, the “half” rotator velocity setting, and a temperature of 85°C are used. The
“half” setting is selected since the “full” setting resulted in slight mass loss due to
splashing and subsequent experimental error. These settings allow for accurate,
repeatable tests that minimize the time to reach the desired mass loss goal. The percent
mass loss will be used as a reference parameter for the level of weathering. No attempt

to correlate this value with actual oil spill scenarios will be presented.
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CHAPTER 3 THEORETICAL BACKGROUND

3.1 Introduction
To analyze a fuel layer floated on water, the fuel and water layers are assumed

as one thermally thick bed with properties corresponding to a unknown combination of
both liquids. Furthermore, the bed is assumed a semi-infinite slab. Thus, all convective
and thermo-capillary motion in the bed is neglected. This assumption is not necessarily
correct [14], especially for a small scale where the possibility of temperature gradients
between the tray and the liquids is significant, but will be accepted as a possible source
of error. The liquid bed is considered initially at a constant ambient temperature, T;
Throughout the heating process the fuel layer is assumed inert with negligible pyrolysis
before ignition. The solution to the one-dimensional transient heating of a semi-infinite

slab is given by Carslaw and Jaeger [35] as

f \/_ ad; \/— tQ(xf’S)
LTy ( 2 } e

—hiﬁq:(xf,s) exp(a(t —s)erfe(y/a(t —s))ds

3.1)

where

Equation (3.1) is then an integro-differential equation for the flame front
position xr. The left-hand side represents the temperature rise required to sustain flame

spread and the right-hand side represents the sum of the temperature increases due to
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the flame heat transfer, 4y , and the heating imposed by the flux field, q/(x,t). The
thermal properties are expressed by the “a” parameter and is defines as
a=a(h/k)? (3.2)

where “a” is the thermal diffusivity and “k” the thermal conductivity. It needs to be

noted that “k” and “a.” are not the fuel or water properties but an equivalent set of
properties that includes the contribution of both liquids.

Making the imposed flux field independent of time will result in significant

simplification of equation (3.1) and of the experimental procedure, therefore, qe will be

considered only a function of x and thus, equation (3.1) can be written as:
ad, ad,
hy (T, = T,) -4 (x, )[1 - exp(at)erfo(v/at )]-—f ‘f—( ‘/;\f J (33)

Additional assumptions and the derivations pertaining to the present study are given by
Quintiere [15].

Heat losses at the surface result in a minimum external heat flux necessary, Ao,

to obtain attain a pyrolysis temperature, Ty, required for ignition to occur. For ¢7 < 4,

the surface will attain thermal equilibrium at Tgq<T,. A linearized heat transfer
coefficient, hr, is used to describe heat transfer at the surface. The heat transfer
coefficient, ht, rep/resents the summation of the convective heat losses and the fraction
of the external heat flux not absorbed by the surface and cz;.n be described as
hy =h, +h, (3.4)
Both heat loss terms can be expressed by ht (T - T;) as a result of a linear

approximation to convective and radiative heat losses. Values for “hy”” have been

200



shown to vary with orientation and environmental effects. Examples of typical values
found in the literature are: 8.0 Wm?K™' for natural turbulent convection and a vertical
sample [19], 13.5 Wm?K"! for a horizontal orientation [36], and up to 15.0 Wm?K"! [37]
for experiments with a vertical orientation and rough surface such as with wood.
Further exploration of the total heat transfer coefficient will be presented in later
sections.

3.2 Ignition

The mechanisms leading to gas phase ignition under these circumstances are
complicated and difficult to predict. In a phenomenological way the process is as
follows: after attaining T, the vapor (pyrolysate) leaves the surface, is diffused and
convected outwards, mixes with the ambient oxidizer, and creates a flammable mixfure
near the solid surface. This period will be referred here as the mixing time, t,,. The
flow and geometrical characteristics determine the mixing time.

If the mixture temperature is increased, either by heat transfer from the hot
ambient gas, a pilot or any other mechanism, the combustion reaction between the fuel
vapor and the oxidizer gas may become strong enough to overcome the heat losses to
the solid and ambient. Thus becoming self-sustained and at which point flaming
ignition will occur. This period corresponds to the induction time, t;, and is derived from
a complex combination of fuel properties and flow characteristics.

Extending the analysis proposed by Fernandez-Pello [38], the ignition time (tig)
will be given by

tig=tp+Htmtt (3.5)
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Under ideal conditions, introducing a pilot reduces the induction time making it
negligible when compared to the pyrolysis and mixing times. Furthermore, mixing has
been commonly considered as a fast process compared to heating of the fuel, therefore,
the fuel and oxidizer mixture becomes flammable almost immediately after solid
pyrolysis starts. Pyrolysis temperatures and times are, thus, commonly referred as
ignition temperature and ignition time [15, 21] and equation (3.5) simplifies to

tig=ty (3.6)
and T;g can be defined as T,. Although such a definition is not physically correct [39] it
can be very useful in some practical applications since provides a reference parameter
that could serve to characterize the ignitability of a solid material.

For most practical situations, the flow over the fuel surface will control the |
mixing of fuel and oxidizer as well as the transport of this mixture towards the pilot
(tm), therefore, can have a significant effect on t;; and on the validity of equation (3.6).
The relative effect of the flow on tj; will decrease as the characteristic velocity of the
system increases (characteristic time for mixing and transport decrease) and as 4
decreases (t, increases). This will be satisfied best as the external heat flux approaches
the critical heat flux for pyrolysis (q; ~q5, ) and t, — . This is important because it
implies that the error incurred in the experimental determination of tig, (due to the

unknown nature of the flow) will decrease as q; approaches qg,. Therefore, qg, isa

property of the fuel that can be extrapolated, independent of the flow. Instead, equation

(3.6) could be extrapolated only if the experimental conditions at which the ignition

delay time is obtained satisfy the assumption that t ~t; <<t,.
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The flow field is a determinant factor in the magnitude of t,, , for the present

experiments it was chosen such that the condition t,, ~ t; <<t was satisfied, therefore

3.2.1 The Time to Pyrolysis (t,)

Since there is no flame before ignition, qf =0 and equation (3.3) can be
simplified. The following solution is derived for the attainment of the pyrolysis

temperature as a function of time

hy (T, - T,) =47 [ - exp(at, Jerfo(at )] G.7)
where t, is the time necessary to attain T}, at the surface.
If q; =q;,, Tp is expected to be reached when t — o and the critical heat flux that
would lead to pyrolysis can be derived from equation (1) and is given by

q,, =h (T, -T) 3.8)

For q;>>qg, it can be assumed that [1-exp(at, Jerfc(,fat, )] ~ —z—(atp)” ? which leads
T

N

to the approximate expression valid for short times (t,)

cw N2
T qo,p
t =— 39
P 4a[q:J (39)

Equation (3.9) is of great practical importance since shows that a plot of t,,'”2 asa

function of the corresponding ¢; will be linear for t,<<1/a. From the slope of this line

the value of “a” can be determined. For long ignition delay times, t >>1/a, is

expressed with the simplified equation
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1/2 ) hr T ‘Ti
¢ 2 _NTkee [1— (T )J (3.10)

’ h; oq,
where o =¢. Results from this expression are highly dependent on the selection of the
heat transfer coefficient.

3.3 Flame Spread

hT(Tig—Ti)—q:(xf)[l—exp(at)erfc(«/E)]=72;—q: 5’51—[1-‘/—2;- %J @3.11)
f f

Once ignition has been achieved, the flame spreads through the surface at a rate
determine by a combination of the fuel and flow properties. The flame spread rate, Vi,
can be determined from equation (3.11). It has been previously shown that
ad; /V; — 0, therefore equation (3.11) can be simplified to

T
4a§f(q'f')2

v, = :
b (T, =T~ 4 (x )]l - explatiertea) |

(3.12)

It is a standard procedure for flame spread tests using the LIFT apparatus to preheat the
sample until the surface attains thermal equilibrium this leads to a definition of a
characteristic time (t*) beyond which no further changes in the fuel surface temperature
occur. Under these conditions equation (3.12) can be written as

T
4ad.(q")?
Vf = s f-(an) 2
[%,P —qc(xf)]

(3.13)

In the particular case of crude oils thermal equilibrium can not be attained since, the
fuel will be modified throughout the pre-heating process. Flame spread has to be

studied under transient heating conditions.
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Assuming that t<<1/a equation (3.12) can be modified by means of a first order

Taylor series expansion leading to

T
423, (47)’

[q;,p ~41(x,)2 it)}
T

V, = (3.14)

As mentioned before, “a” is constant and can be obtained from the slope of the ignition

plots. Equation (3.14) can be found in the literature [21] expressed as

V, " = C(45p —42(x,)F(1) (3.15)

where

C=247,fad, /m (3.16)

and is referred as the rate coefficient, and

F(t) = [1 -exp(at)effc(JeE)]z 2Vat/n (3.17)
Plotting the results as V"' versus q.F(t) allows for determination of C (slope) and dop

(intercept) separate from the ignition data.

The time to attain thermal equilibrium is controlled by the fuel and water bed
properties which are incorporated in the value of the parameter “a”. It is therefore
important to notice that the fuel layer thickness will have a significant effect on the
value of F(t) and this will translate to the flame spread velocity. Figure 3.1 serves to
illustrate this phenomenon. The flame spread velocity tends to vary significantly for

various fuel layer thickness. The fuel has not attained thermal equilibrium, therefore
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the spread velocity 1s not a direct function of the external heat flux but is influenced by
the value of F(t).

Flame spread over a liquid has been shown to be a complex phenomena that can
not be fully, in contrast with solid fuels, described by means of equation (3.1).
Glassman and Dryer [13], Sirignano [24], and more recently Ross [14], have shown that
flow structures formed ahead of the flame front due to capillary motion and buoyancy
affect significantly the flame spread rate. Infra red thermography has been used by
Inamura et al. [40] to show the enhanced heat transfer due to convective motion in the
fuel bed. This observations preclude the use of F(t) to predict the flame spread velocity,
since the temperature distribution will not only be a function of the external heat flux
but also of convective motion. To attempt correlation of the data characteristic |
temperatures of the fuel surface were determined by means of thermocouples and used
to correlate the data. It is important to note that these temperatures are subject to a
significant error due, mainly, to misplacement of the thermocouple. This error will
result in data scatter but, for the purpose of characterizing flame spread in an oil-spill
scenario, can be considered of adequate accuracy, since uncertainty in other parameters,

such as fuel properties, motion of the water bed, etc. will introduce comparable errors.
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Figure 3.1. Flame spread velocity of SAE 30W oil for various fuel layer thicknesses.
An alternate model, proposed by DeRis [41] that uses equivalent assumptioﬁs

can be used to correlate the flame spread rate with the fuel surface temperature. For

opposed flow flame spread over thermally thick fuels the following expression is

proposed by DeRis [41]

V; = ¢ (3.18)
kchTig T, )-‘

where the flame spread parameter is given as

6=, (kpe), (T, - T, P £(D) (3.19)

In the same way as equation (3.15) can be used to characterize the flame spread
velocity by means of the parameters C and qg , , from equation (3.18) the parameters
(kpC) and ¢ can be extracted and serve to describe the flame spread process. The first
is the product of the solid fuel’s conductivity, density, and specific heat (kpC), which is

defined as the thermal inertia of the fuel. The parameter ¢ incorporates the flame
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temperature, Ty, the properties of the flow, V, (air flow velocity) and (kpC),, and f(D)
which is a function of the Damkohler number. A good approximation to Tj, is the flash
point temperature of the liquid fuel and the surface temperature is obtained, as
mentioned before, by means of thermocouples.

Although the individual parameters incorporated in ¢ and (kpC) are difficult to
evaluate, the global “fire properties” give a good measure of the energy provided by the
flame (¢) and the energy necessary to bring the fuel to its ignition temperature (kpC).
Thus, provide a good description of the flame spread characteristics of the fuel/water
composite.

3.3.1 The Non-Spread Limit

Understanding of the conditions that will lead to non-spread of a flame over a
fuel bed are of great importance to the present work. The process leading to non-
spreading and subsequent extinction of the diffusion flame is the result of a complex
combination of the flow field characteristics and fuel properties with a finite chemical
reaction. Among the heat losses are those to the geometrical boundaries, flame radiation
to the environment, and surface radiation [22].

The solution to equation 3.3 has a lower limit, V; = nad,, that, under the

condition of thermal equilibrium, yields a minimum external heat flux, ¢, necessary

for the flame to spread [19]. Therefore, the following expression is an energy balance

to describe the minimum heat flux for sustained flame spread.

4y, =47 =h(T, -T,)- q; (3.20)
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Although this approximation agrees qualitatively with results for solid fuels
[19], it is noted that this model is insufficient to truly predict an extinction limit because
of its dependence on kinetics and three-dimensional heat conduction. Yet, equation
(3.20) is useful when the extinction limit can be approximated and serve as a qualitative

parameter to rank materials.

3.4 The Total Heat Transfer Coefficient (hy)

The above equations attempt to describe the problem of ignition and flame
spread by means only of a energy balance between the heat provided by the flame and
external sources and the heat losses. Correct calculation of the total heat transfer
coefficient will be of great importance when determining the magnitude of the ﬂamé
spread velocity as well as the characteristics of the ignition process.

The energy balance at the surface of the fuel is given by

1" =aq’ —eo(T*s -T* )-h (T,-T,) (321)
where h, is the convective heat transfer coefficient, a the absorptivity, & the emissivity,
o the Stefan-Boltzmann constant (o= 5.67 x 10® W/m2-K*). Typical assumptions are
to use e=a=1 and a linear approximation for radiation that yields the following
expression

eo(T* —-T*)=h, (T, -T,) (3.22)
By means of this assumption the energy balance at the surface can be simplified to

Q" =q4; -h (T, -T)) ~ (3.23)
Where hy=hc+h,. The values of h; and h, deserve further attention since they will affect

the ignition and spread process.
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3.4.1 The Convective Heat Transfer Coefficient (he)

The fuel sample is placed vertically in the LIFT apparatus, therefore a natural
boundary layer is formed close to the combustible surface. The nature of this boundary
layer will determine the magnitude of the convective heat transfer coefficient.
Correlations for the average Nusselt number for a heated vertical wall can be found in
any heat transfer book [42] and an alternative calculation of h_can also be found in the
reference [20].

The forced flow induced by the fan will determine, in the case of the HIFT, the
convective heat transfer coefficient, thus, characterization of this flow is necessary.
Figure 3.2 shows the velocity of the induced draft on the modified experimental
apparatus. Measurements were made at ambient temperatures using a vane
anemometer along the center axis of the sample tray. An approximate value for the
flow velocity is 0.1 m/s at the initial sample position.
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Figure 3.2. Induced flow velocity of the modified LIFT apparatus as a function of
distance.
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Convection on the HIFT apparatus is best described as parallel flow over a flat plate.
Under steady, forced-flow conditions over a horizontal flat surface, the average
convective heat transfer coefficient, h. is solely a function of the Reynolds number, and
temperature differentials will only affect h, through the material constants. Therefore,
the average convective heat transfer coefficient is best obtained with the following
correlations:

Nu =0.664Re'’? Pr'/3 (3.24)

For the temperature range for liquid fuels studied, h, is found to be 12.5 W/m2K

using the relation

he = air (3.25)

As a means of comparison, figure 3.3 shows the dependency of the heat transfer
coefficient with temperature, for a vertical wall (the LIFT apparatus) and for a forced
flow boundary layer (HIFT apparatus). Although the velocities of the two are
comparable in magnitude (=~ 0.1m/s) in the case of the LIFT hc is a function of the
temperature difference between the flow and the fuel surface. Also presented in figure
3.3 is the total heat transfer coefficient as obtained experimentally by Quintiere [20]. It
can be noted that the difference between the convective and total heat transfer
coefficients is significant. The radiative component of the total heat transfer coefficient

is, therefore, of comparable magnitude to the convective heat losses.
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Figure 3.3. Calculation of the convective heat transfer coefficient.
3.4.2 The Radiative Heat Transfer Coefficient (h,)
Although the linearized radiative heat transfer coefficient is a useful

approximation, it is clear that its dependency on temperature will have an effect on the

ignition and spread characteristics, specially for low incident heat fluxes (close to dop)

and near the non-propagation heat flux (g5 ). Calculation of h, was conducted for
different emissivities and is presented in figure 3.4. The thermal emissivity is unknown
SO délta is presented for a range of common values (0.6<€<0.9). Figure 3.4 illustrates
the dependence of temperature for the radiative heat transfer coefficient. For the fuels
of interest, in general, surface temperatures remain below 100°C during testing so,
using an emissivity of 0.8, a reasonable value for h, can be obtained. For this work, h,
will be taken as approximately 7.5 W/m?-K and this value will be used as representative

for all fuels tested.
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3.5 Summary

The above theory represents the basis of an experimental procedure to give a
quantitative assessment of the flammability of a fuel through its “fire properties.”
Materials can be ranked based on three different principles: (1) ease of piloted ignition;

(2) susceptibility to flame spread; and (3) extinction characteristics.

Ease of ignition is described by the critical heat flux for ignition ( qq, ) and by

the combined property (kpC). To obtain (kpC) it is necessary to know the pyrolysis
temperature, T, which will be considered to be the flash point temperature. The flame

spread process is characterized by the parameter ¢, by the critical heat flux for non-

propagation (q; ¢ ) and, again, by (kpC).
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CHAPTER 4 IGNITION

4.1 Methodology
Fuel properties vary significantly when subject to a strong heat insult, therefore,

they need to be evaluated under “fire conditions.” These properties are generally
referred as “fire properties” [19]. Although there is little available information relevant
to the burning of a liquid fuel supported by water, extensive data exists for piloted
ignition of solid fuels using a radiant heat source. The concept of minimum heat flux
for ignition has been commonly applied to solid fuels. Using heat transfer
fundamentals, ignition behavior can be predicted or measured using small, bench- scale
experiments. In a similar fashion, ignition behavior of liquid fuels can be studied.
Evaluation of the “fire properties” allows ranking of fuels in various states; natural,
weathered, and emulsified. The scale dependency will always be a matter of
controversy, thus, large scale tests remain a necessity for validation. Yet, the number of
tests needed to determine feasibility, protocols, and procedures for in-situ burning will
be greatly reduced.
4.2 Procedure

Care is taken to assure fuel and water samples are at room temperature of 22°C +
2°C. After pouring the liquid fuel on the water subsurface, time is allowed for gaseous
and liquid currents to subside. A radiation shield (calcium silicate board) is placed in
front of the panel before the sample is introduced to its test position (Figure 2.2). Once
the sample has been placed, the radiation shield is removed and time recording starts.
The pilot is a 20 mm long bropane diffusion flame placed 20 mm downstream of the

fuel trailing edge in the plane of symmetry, 5 mm above the fuel surface (Figure 2.2).
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4.2.1 Ignition Delay Time and Critical Heat Flux for I

> o
pavtaty WAL BaiaviVad

To calibrate the apparatus, SAE 30 Weight oil was first used for the ignition
tests. This fuel was used for comparison to previously reported results on ignition delay
time [17]. Also, the high flash point (approximately 250°C) results in an extended
ignition delay time providing a longer period to observe the different processes
affecting ignition. Radiation absorption is also lower with SAE 30 oil favoring boiling
of the water sublayer. Although the viscosity of SAE 30 oil is generally higher than
that of crude oils, it is very sensitive to temperature (approximately 1x10 at 0°C and
1x107 at 100°C) reaching comparable values after only a small temperature increase.

The results from these experiments are presented in figure 4.1 together with data
obtained for the same fuel by Putorti et al. [17]. Following equation (3.9), the ignition
delay time is presented as 2. It can be observed that, although the ignition delay time
significantly differs from the values found by Putorti et al. all data converges to a
unique critical heat flux for ignition. Since these experiments were conducted using
different ignition procedures and under different environmental conditions, ty, is
expected to be different, thus, affecting ignition delay time. On the contrary, t, should

not be affected if the convective losses are similar in magnitude. As the external heat

flux approaches qg,, , tm becomes neglectable compared to t, and all data converges to a

unique point (g ;, =5 kW/ m?), as observed in figure 4.1. This linear dependency

corresponds well with the data reported in the literature for solid fuels {19, 37] and
serves to validate the above mentioned assumptions. It has to be noted that the linear
dependency will break down close to the critical heat flux for ignition, since the Taylor

series expansion used to obtain equation (3.9) is only valid for t <t (t. is of the order of
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10% sec). As the external heat flux approaches the critical heat flux for ignition t>t_,

equation (3.10) has to be used. The value of qg;, obtained from extrapolation carries

the error inherent to the approximation used to obtain equation (3.10) but, for the

present fuels, was found to be smaller than 10%. Furthermore, the exact fnagnitude
Qg;, is of little meaning to the present methodology, the value of Qg relies on the

comparative nature of this parameter not on its exact value.
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Figure 4.1. Ignition delay times for SAE 30W oil using the HIFT apparatus and Cone
Calorimeter.
4.2.2. Critical Heat Flux for Boiling (qg5)

For the particular case of an oil slick on a water sublayer, the water underneath
the fuel might attain boiling before ignition occurs. It was observed that once boiling
started ignition of the fuel was precluded. Heating of the bed can be treated as a semi-

infinite solid and temperature distributions can be predicted quite accurately [11]. The
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analytical prediction of a characteristic time to boiling goes beyond the scope of this
work. But, the determination of a minimum heat flux that will lead to boiling (47
before ignition can occur is of great practical importance therefore needs to be included
as a complement to the critical heat flux for ignition.

As the external heat flux decreases the temperature gradient at the surface
decreases and thermal penetration increases before the surface attains T,. If the thermal
wave can increase the water temperature at the fuel/water interface to the boiling point
before the surface reaches T, boiling will prevent ignition from occurring. The
minimum heat flux that will allow the surface temperature to reach T, before boiling is

given by 4y, and presented in figure 4.2. Under the assumption that convective heat
losses are negligible, qg; can be considered independent of the environmental
conditions and only a property of the fuel and the fuel layer thickness. Figure 4.2 shows
the progression of qgy as a function of the fuel layer thickness. As the fuel layer
decreases in thickness, the heat wave will reach the water faster allowing for a shorter
available time for the surface to reach T, and consequently requiring a higher

temperature gradient at the surface (higher qg ).
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Figure 4.2. Critical heat flux to boil for SAE 30W oil using the HIFT apparatus.
4.3 Crude Oils and the Effect of Weathering

To further demonstrate the validity of this experimental methodology a series of
tests were conducted with crude oils. A series of tests were conducted with two crude
oils. Figure 4.3 shows these results and others obtained for ANS crude oil by Putorti et
al. [17]. The data presented for is an average of at least five experiments conducted
under identical conditions. It was observed that ANS crude oil in its natural state
ignited at ambient temperature, therefore no external heat flax was necessary. Flash
points for this type of fuel have been reported as low as -10°C [43] showing agreement
with the above observations.

When weathered, the ignition delay time decreases as the heat flux increases,
and a linear dependency between the external heat flux and t;;""? is obtained. The

intercept with the horizontal axis will provide the critical heat flux for ignition.
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Therefore, negative values imply that the fuel will ignite at ambient temperature.
Figure 4.3 shows that the critical heat flux for ignition will increase with weathering.
When a line fit is made through the data corresponding to a specific mass loss, it can be
observed that these slopes remain invariant with the weathering level. The amount of
evaporation does not significantly change the therﬁlal properties of the crude oils. The
critical heat flux corresponding to the data reported by Putorti et al. [17] fits well with
the data collected in the present work. As previously mentioned, the experimental

conditions account for the difference in slope.
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Figure 4.4. ANS crude oil ignition delay time for various levels of evaporation.
Tests were also conducted for different levels of evaporation and fuel layer
thickness. Figure 4.5 corresponds to an example of the complete set of data for Cook
Inlet crude oil. It is important to observe that for a fuel layer thicker than 8mm, the
results are independent of fuel layer thickness. Thus, systematic determination of the

critical heat flux for ignition should be done using layers thicker than 8mm. In contrast,

it will be necessary to determine q ; for all fuel layers.
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Figure 4.5. Cook Inlet ignition delay time for various levels of evaporation.

As demonstrated by equation (3.9), the slope of the line fit to the data preseﬁted
in figures 4.4 and 4.5 provide the thermal property, “a”, of the fuel. These figures show
that the slope remains invariant with the mass loss due to weathering. This is of
importance since it proves that although the ignition event is controlled by the most
volatile fractions of the crude oil (thus affected by weathering), the heating process and
the properties that characterize it are determined by the heavier fractions, which remain
invariant with weathering. In opposition, figure 4.5 shows that the water sublayer has a
significant influence on both the global thermal properties as well as the critical heat

flux for ignition.
The critical heat flux for ignition (qy ;, ) as obtained from figures 4.4 and 4.5, is

presented in figure 4.6. Results are presented for Cook Inlet and ANS crude oils for
different fuel layer thickness. Figure 4.6 shows a discrepancy between the critical heat

flux for ignition for 3 mm as opposed to almost identical values obtained for 8 and 15
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mm layers. Thus, it can be verified that the fuel layer thickness affects the critical heat
flux for ignition up to a thickness of 8mm. Thicker layers result in almost identical
curves. The effect of fuel layer thickness was mostly manifested on the curves being
truncated by boiling before attaining q; . The increasing value of q; ;; With mass loss
shows that the weathering makes ignition more difficult. The increasing slope of the
curve points towards the possibility of an asymptotic value at which the crude oil will
not ignite. Based on values of q;, , ANS crude oil was observed to be more prompt to
ignition than Cook Inlet crude oil. Cook Inlet ignited without an external heat flux for a

mass loss rate smaller than 10%, and ANS crude oil for a mass loss smaller than 7%.

The results presented are representative of all other cases studied.
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Figure 4.6. q;; for ANS and Cook Inlet crude oils at various fuel layer thickness.
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4.4 Closed Cup Flash Point

The ASTM D56 Tag Closed Cup flash point tester is used to characterize the
thermal properties under a controlled environment. The standard should be referenced
for details of the apparatus. Flash point is defined as the lowest temperature corrected
to as pressure of 760 mm Hg at which application of a test flame causes the vapors of a
portion of the sample to ignite under specified conditions. The flash point measures the
tendency of a fuel to form a combustible mixture with air under a controlled laboratory
condition. It is only one of a number of properties that must be considered in assessing
the overall thermal characteristics of a liquid fuel.

For the test for flash point, a liquid fuel is placed in the cup of the tester. With,
the lid closed, the sample is heated up at a slow constant rate. A small flame of |
specified size is directed into the cup at regular intervals. The lowest temperature at
which application of the flame ignites the vapors above the sample specifies the flash
point. The flash point gives an indication of the pyrolysis temperature of the fuel.
However, testing to the flash point does not describe the thermal properties of the fuel.
Therefore, the flash point temperature is of importance to characterizing crude oils, but
not sufficient to describe the ignition process.

Flash point test results for the crude oils as a function of the mass loss due to
weathering are presented in figure 4.7. Each point in the figure represents the average
of 10 tests conducted in accordance with ASTM D56 standard. As seen from the figure,
flash points extracted using the ASTM D56 closed cup tester have a linear dependence
on the level of evaporation for both crude oils. More importantly, the flash points for

ANS crude oils are significantly higher than the Cook Inlet crude. Note that data is
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only presented for flash points above ambient (>20°C), since no ignition tests have been

conducted for temperatures lower than ambient. A mass loss grater than 20% has been

shown to require weeks of weathering under natural conditions [33]. Therefore, 20%

will be used as an upper limit to the mass loss.
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Figure 4.7. ASTM D56 closed cup flash point tests for ANS and Cook Inlet crude oils.

A comparison of the flash point and the critical heat flux for ignition obtained by

the HIFT apparatus ignition tests is presented in figure 4.8. The data points correspond

to different levels of weathering. It is noticed that the flash point temperature has a

linear dependence with the critica] heat flux for ignition, as predicted by equation (3.8).

The line fit for ANS and Cook Inlet crude oils converge to an ambient temperature

(20°C) for q;;,=0. This observation is of great practical importance since it shows the

flash point temperature can be used as a characteristic ignition temperature. More

224



importantly, by use of the previous expression, the global heat transfer coefficient can
be evaluated since h corresponds to the slope of the line fit.

From theory, equations (3.21) and (3.22) can be combined and expressed as

eo{T* - T, J+h (T-T, )~ h,(T-T.) @.1)
As shown by equation (4.1), the global heat transfer coefficient consists of both a
radiative and convective component. Since the convective component is a function of
the orientation and flow conditions and independent of the fuel, the slope of the flash
point data presented in figure 4.8 provides an indirect measure of the emissivity of the
fuel. Moreover, if the global heat transfer coefficient (hy) is known, and the thermal

[ {9}

property “a” is extracted from the ignition delay time, the product of the thermal
conductivity, density, and specific heat capacity (kpC) can be obtained using the

expression

2

o=t “2)
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Figure 4.8. Flash points of ANS and Cook Inlet crude oils at various levels of
weathering.

4.5 Summary

To study piloted ignition of a slick of oil on water sublayer, a modified LIFT
apparatus is used. As for solids, ignition delay times and critical heat flux for ignition
of a liquid fuel supported by water can be extracted using this testing methodology.

Closed cup flash points are presented to complement the piloted ignition tests. The

propensity of a crude oil to ignite can be characterized by three parameters:

(1) The critical heat flux for ignition (g3 ;, ~qy , ), it is independent of the
environmental and experimental conditions. Thus, it provides a measure of the
minimum heat insult necessary to guarantee attainment of a pyrolysis temperature,
and therefore, production of sufficient gaseous fuel for ignition. The critical heat
flux for ignition is obtained by extrapolation to t;, — o of the ignition delay time

data.
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(2) The critical heat flux for boiling (q;, 5 ), which provides a measure of the minimum
heat flux necessary to attain ignition before boiling of the sublayer occurs.

(3) The thermal “fire properties” of the fuel (kpC) can be extracted from flash point
temperature in combination with the critical heat flux and provides a measure of the
heating process. It is a function of the fuel and is independent of the experimental
and environmental conditions.

The experimental methoddlogy and its theoretical underpinnings were validated with

experiments using SAE 30W oil and ANS and Cook Inlet crude oils in their natural

state as well as different levels of weathering. The results show consistency and

correlate well with other data presented in the literature.
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CHAPTER 5 FLAME SPREAD

5.1 Methodology

As in the ignition tests, the modified ASTM E1321 apparatus is also used for
flame spread testing of the liquid fuels. Three types of fuels are used for flame spread
tests. Again, SAE 30 weight oil is used for calibration because of it pure characteristics
and known properties. Multi-component fuels that contain numerous fractions, such as
crude oils are also of interest. Therefore, flame spread tests include ANS and Cook
Inlet crude oils at various levels of weathering. All flame spread test are conducted
using the unlined aluminum tray illustrated in figure 2.3(b). Fuel surface temperature
measurements are obtained using thermocouples placed in the center axis of the flame
spread tray. Flame speed and surface temperature are recorded for each test. Various
fuel layer thicknesses are obtained by adjusting the gross volume of supporting water
and the corresponding amount of fuel.
5.2 Background |

Flame spread over liquid fuels is a complex phenomenon that involves the
understanding of natural convection inside the fuel layer as well as the chemical and
thermal aspects leading to ignition in the gas phase. The multiple applications where
flame spread over liquid pools is of relevance have made this issue the subject of
numerous studies. A brief review of the relevant issues that need consideration in the
particular context of this work will be presented. The treatment that the flame spread
process will be given in this section might seem too general for such a complex subject,
but the objective of this work is to provide global criteria that will serve to describe the

propensity of a fuel to sustain flame spread. Thus, average spread rates will be
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considered instead of tracking the pulsating flame front, and the controlling heat
transfer mechanisms in the liquid phase will not be explored independently but

globalized in the parameter ¢ .

5.2.1 Qualitative Observation and Physical Description of the Spreading Flame
Observation of the spreading flame reveals a similarity in all fuels. After
ignition, a fully developed flame is preceded by a pulsating blue flame very close to the

surface. The blue precursor flame is considered premixed fuel and air. Ignition of the
fuel will occur when the ldwer flammable limit for combustion is exceeded. Initially,
the temperature of the fuel ahead of the well-developed flame is below the flash point,
and there is insufficient fuel vapor to produce a combustible mixture above the liquid
surface. However, as the developed flame approaches, heat is transferred to the liqﬁid
ahead until the flash point temperature is attained. At this temperature, there is
sufficient fuel vapor to exceed the lean flammability limit and a premixed flame occurs
consuming the mixture. Because the rate of vaporization is inadequate to sustain the
flame, the premixed flame is extinguished. This process of flashing forward and
backward is repeated until the necessary amount of heat is transferred forward to
elevate the fuel temperature to its fire point. At the fire point, the rate of vaporization is
sufficient for self-sustained combustion, and the flame is now developed at this point.
Transfer of heat ahead is the dominant factor for the rate of flame spread.
References have indicated various modes of heat transport to the region ahead of the
flame front [13, 14, 24]. However, observation of flame propagation, verifies that the

concept of flash point température is critical in determining the controlling mechanism
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in flame spread. The physical processes accompanying flame spread over a liquid fuel

are illustrated in figure 5.1.

Xg Tig
Yellow Flame > / hy(T-T.)

: :
AR 2D Y2 3 3 Y Y S wh wa wa v >
Liquid Fuel

Blue Precursor Flame

Figure 5.1. Schematic representation of the physical processes accompanying the flame
spread.

Heat is transferred from the flame, precursor flame, and fuel to the atmosphere.
The radiant panel imposes an external flux on the fuel as a function of distance. For
this work, the movement of the established yellow flame will be used to track the flame
propagation front. Also, heat is transferred from the flame to the fuel surface and to the
bulk of the fuel or water layer. Although the precursor flame is the real leading edge,
its size, pulsating frequency and existence is governed by experimental conditions such
as the temperature of the fuel/water bed, therefore introduces uncertainty in the

calculation of the spread rate.

5.2.2 Subsurface flows proceeding flame spread
Determination of the controlling mechanism for flame spread is dependent upon

the relation to the flash point of the liquid fuel. Depending on the temperature of the
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liquid fuel, flame spread over the surface may be controlled by events in the liquid or
gaseous phase. When the initial temperature of the liquid is at or above the flash point,
adequate fuel is vaporized to create a combustible gas-phase mixture. After ignition, a
flame will propagate at the characteristic gaseous flame spread velocity similar to that
of a premixed laminar flame. In this case, gas phase heat transfer mechanisms are the
controlling factors. Determination of the contribution of gas-phase heat transfer has
been attempted by Hirano and coworkers by studying flame spread over a methanol
layer floating on a water sub-layer [45]. Results from this study reemphasize that gas
phase heat transfer is the controlling factor of flame spread for liquid fuels just below
flash point temperature.

When the initial temperature of the liquid is significantly below the flash point,
additional energy must be transferred ahead of the flame to elevate the surface
temperature to the flash point value. Consequently, a temperature differential is formed
resulting in a variation in surface tension and fuel density. If radiation heat transfer to
and from the leading edge is neglected then convection in the liquid phase is left as the
rate-controlling mechanism. Previous studies by Inamura and coworkers have found
that radiation back to the fuel surface is significant only for established liquid pools
fires supported on water [44]. For the transient process of flame spread, the effect of
radiation is small when compared to the liquid phase convection. Therefore neglecting
radiation is well justified.

Surface temperature variations due to the spreading of flame cause a deviation in
surface tension. Well upstream of the flame front, temperature decreases and surface

tension increases. Consequently, this variation in surface tension results in a stress that
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pulls surface liquid away from the advancing flame region. Hot liquid is displaced
forward in the direction of propagation leading to convective heat transfer ahead. This
phenomenon is well documented in experiments studying flame spread of liquid fuels
supported by water [13, 14, 24, 25, 45]. These experiments have shown that surface
tension gradients due to temperature differences have an important effect on the flame
spread velocity.

Liquid convection contributes significantly to the flame spread velocity of a
liquid fuel. Sirignano and Schiller [46] reference several studies demonstrating the
liquid surface velocity below the flame leading edge is of the same order of magnitude
as the observed flame velocity. Since flame spread velocity is heavily dependent on the
liquid-phase convection, the properties of the fuel, such as viscosity, are determinaht in
the calculation of the spread rate. The combined effect of natural convection and
surface tension served to explain the pulsation of the flame propagation front. Although
the subsurface flow ahead of the flame remains to be quantified, the overall heat
transfer effect is included into the flame spread model proposed by Sirignano and
Schiller.

Although none of these detailed mechanisms can be addressed by the present
experiments, the value of the combined thermal inertia (kpC) and the parameter ® serve
as a global measure of the combined effect of natural convection, conduction and
surface tension.

5.3 Procedures
Flame spread tests were conducted for SAE 30W oil, ANS and Cook Inlet crude

oils, in their natural state and weathered. The protocol followed for the flame spread
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tests will be explained as follows. It needs to be noted that fuel exposure to the radiant
panel had to be kept to a minimum since the pre-heating process resulted in changes in
the composition of the fuel. Extreme care was taken to control initial conditions, which
are needed for reproducible flame spread data. External air currents are standardized by
adjusting the flow of the overhead hood. Temperatures of the water sublayer and fuel
are carefully monitored prior to each test and maintained at the ambient room
temperature of 22°C + 2°C. Fuel and water are added to the flame spread tray and time
is allowed for currents in the air and liquid to subside before exposure to external
radiation.

In all tests, there is a Imm free board height, the space above the fuel surface to
the rim of the flame spread tray. Under external heating, the liquids are not expectéd to
immediately ignite and thus, require additional capacity for expansion during testing.
Studies have shown [25] that a freeboard height of this magnitude is negligible in flame
spread testing of liquid fuels. |

The flame spread tray is carefully moved to the proper testing position and the

sample is ignited. After determination of the critical heat fluxes for ignition (47 ;, ) and
boiling (4} 3 ), an external radiant flux is selected to avoid the boiling of the water

sublayer prior to ignition. The sample is, therefore, heated at q; ;. +5 kW/m? until

piloted ignition occurs at the end nearest to the radiant panel. Flame spread
measurements are recorded using a high resolution 8mm video camera operating at 30
frames per second. After the flame has spread to the end of the tray and the necessary
measurements have been taken, the flame is extinguished by covering the tray with a

smother board.
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5.4 Experimental Observations

Several authors have visually characterized flame spread over liquid fuels [13,
14, 24, 25, 45] . These authors present a typical sequence of events characteristic of
flame spread on most liquids, with the exception of certain alcohols [45]. In general, a
blue flash or flame indicates ignition of the fuel, and will occur when the lean
flammable limit has been attained. This flame propagates at with a velocity of a
premixed flame. After ignition, a luminous yellow flame is established which is
characteristic of self-sustained combustion. For flame spread in the sub-flash
temperature regime, a small pulsating blue flame proceeds the established flame region.
A transition region of intermittent dark yellow flames advances between the blue
pulsating flame and bright yellow flame. For this work the leading edge of the stabie
self-sustained yellow flame region is referred to as the flame front.

A sequence of frames is presented as figure 5.2 for a flame spread test of 20%
evaporated ANS crude oil with a layer thickness of 8mm. Features of flame spread on a
liquid fuel from the previoﬁsly mentioned research can be found within the film
sequence. Ignition begins with a small blue flash or flame followed by a bright yellow
flame. Then, the bright yellow self-sustained flame propagates proceeded by a bright
blue pulsating region. The creeping velocity of the bright yellow flame region is
designated as the flame propagation front. Figure 5.2 shows that flame spread over a
crude oil on a water layer exhibits similar characteristics of propagation as liquid fuels

described in the literature [13, 14].
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Figure 5.2. Flame spread image sequence for 20% evaporated ANS crude oil.

236




5.4 Measurement of flame spread

Numerous techniques are available for measuring the rate of progress of the
flame across the surface of the fuel. Some simple methods give a mean velocity of
spread while other more complex, time-consuming methods produce instantaneous
spreading velocities at a particular position. In this work, three techniques are
employed to accurately measure flame spread. Of primary concern is the determination
of the position of the flame front. In all tests, the flame front is taken as the leading
edge of the yellow luminous flame (either transitional or fully developed). Methods for

flame spread measurements are listed below.

Method 1- Stopwatch timing between two fixed points

The first method used has the advantage of being the simplest, but it is also the
most arbitrary. Specific increments of 25cm are marked along the flame spread tray
and the flame progress is timed with a stopwatch. Results from this method produce
only mean velocity measurements that are dependent on experimentalists’ eyesight to
determine the position on the leading edge of the flame. This human intervention factor

is a major disadvantage of this method.

Method 2- Cinematography of flame position and time
A Sony 8mm video camera is used to simultaneously record the time and
position of the flame front on the fuel surface. Similar to the first method, graduated

markings are used along the length of the tray. Advantages over the first method also
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include the ability to review and distinguish exact flame front position. This allows for

instantaneous velocities in exchange for the tedious delays in analyzing film.

Method 3- Surface thermocouple measurements

Ten 0.8mm diameter thermocouples are placed along the center axis of the tray
length at 5 cm intervals according to figure 2.3(b). Using the Labtech data acquisition
software, the flame speed can be tracked via surface thermocouple temperature
readings. At the same time, surface temperature of the fuel can be obtained at the
instant prior to flame propagation at each reference point. However, the distance
between thermocouple locations regulates the resolution of the mean flame velocity.
This method has an advantage over the previous two since results from this method» do
not rely on visual interpretation of the flame front.

In most flame spread trials, a combination of all three of the above techniques is
utilized. Redundancy allows for visual calculation to be backed numerical confirmation

of the propagation front.

5.5 Characteristic Temperature Histories

Temperature measurements are taken at the surface of the Cook Inlet and ANS
crude oils and presented in figures 5.3 and 5.4. The profiles are characteristic of the
flame spread phenomenon. Initially, the surface is preheqted by the radiation from the
external source. Consequently, thermocouples positioned nearest to the radiant panel
reflect a higher temperature. When the temperature of the fuel surface approaches the

flash point and the pilot ignition source is supplied, the gaseous mixture ignites. The
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sudden peak in recorded temperatures indicates this event. As a result of convective
(gas and liquid phase) and radiative heating, the flame propagates down the sample.
Heat transfer from the flame and the external radiant source elevates the thermocouple
ires downstream. Flame propagation at the thermocoupie positions
corresponds to the sudden peaks in the following temperature histories.

Both figures presented show uneven preheating before peak that represents the
flame arriving the thermocouple. As can also be observed the temperature histories
have not reached steady state conditions. Once the pilot initiates the flame, a sudden
increase in temperature is evidenced by the thermocouples closest to the ignition point.
Preheating at these locations had attained the flash point temperature, thus, a gas phase
flame propagates through this zone. The latter thermocouples will show a less sudden
increase in temperature. This zone is where actual flame spread occurs. Immediately
after the sudden temperature increase a decrease in slope is observed. A second sudden
temperature raise follows fhe slope change. This non-uniformity of the heating process
has been attributed to the bulk motion of the fuel ahead of the flame front.
Determination of the actual ignition temperature is quite complicated under these

circumstances and significant scatter of the data is expected but should not preclude the

determination of the global parameters that describe the spread process.

239



[N
(o]
(=]

180 -
160 -
140 -

)

120

100 4
80 - /m
60 -

40 -

Temperature (°C

20 -

0 T T T ¥ T T
10 20 30 40 50 60 70 80
Time (sec)

Figure 5.3. Surface thermocouple temperature for aflame spread test of 25% evaporéted
Cook Inlet crude (8mm fuel layer thickness).
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Figure 5.4. Surface thermocouple temperatures for flame a spread test of 12%
evaporated ANS crude (8mm fuel layer thickness).
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5.6 Flame Spread Test Results
5.6.1 Flame Spread over SAE 30W Oil

To validate the flame spread methodology, test were conducted with SAE 30
Weight oil. Results for SAE 30 Weight oil were previously presented in Chapter 3 as
figure 3.1. For the various thickness fuel layers, flame velocity data points are plotted
as a function of the incident flux to the surface. It is realized that the fuel layer
thickness influences the flame spread velocity. For thinner layers, thermal equilibrium
is delayed due to the water bed that acts a heat sink, consequently requiring additional
energy to compensate for heat losses. Therefore, flame spread of thin fuel layers of
SAE 30 W oil is considered to be in the transient state since the thinner fuel layers are
influenced by the supporting water layer. Application of equation (3.15) is possiblé to
extract the fuel properties. However, the fuel layer thickness affects the value of ¢ and
alters the flame velocity. Fuel properties representative of the oil have to be obtained
by conducting experiments with a fuel layer thicker than the minimum value (> 8 mm)
as determined from figure 3.1. Experiments with thinner layers will give an estimaté of
the global properties of the combined fuel and water layers. This information is of great
importance since it allows to quantify the effect of the water bed on the spread
characteristics.
5.6.2 Crude Oils and the Effect of Weathering

Results for flame spread tests using ANS crude oil at various levels of
evaporation are shown in figure 5.5. Flame spread data, presented as V2, is plotted
according to equation (3.18) as function of the surface temperature (Ts). Thus, the slope

of the line gives a constant which is a function of the flame spread parameter (¢ ) and
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thermal properties (kpC) of the fuel. Since, the thermal properties are extracted from
the ignition tests, the “¢ ” parameter can be calculated. The definition of the flame
spread parameter is given by equation (3.19), and describes the energy provided by the
flame.

From the previous ignition tests, it was determined that an 8mm fuel layer
thickness was required to avoid influence of the supporting water layer. For mass loss
less than 20%, it is shown that the flame spread velocity is independent of the fuel layer
thickness. This is illustrated by the convergence of 3 and 8mm data points to the least-
squared line fit for the respective levels of evaporation. However, for the 20%
evaporated ANS crude, there is 25% difference in temperature indicating an influence
of heat losses to the supporting water sublayer.

Previously in Chapter 4, it has been shown that the weathering process does not

alter the thermal properties (kpC) of the fuel for ignition. In figure 5.5, the least-

squared fit lines for various levels of weathering are parallel indicating an equivalent ¢
value regardless of weathering. As seen in the ignition tests, the thermal properties of
the crude oil are governed by the heavier fractions. Therefore, as the crude oil loses the
lighter volatiles, the heat transfer is dominated by the remaining heavier fractions of the
crude oil.

Test were also conducted on Cook Inlet crude oil at various evaporation states
and fuel layer thickness. Similar conclusions are drawn from test conducted with Cook
Inlet crude oil at various fuel layer thickness and levels of weathering. The slope of the
least-squared fit line remains constant regardless of state of evaporation. Results for

these tests are found in figure 5.6. Unlike the 20% evaporated ANS crude oil, flame
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spread velocities for the evaporated Cook Inlet samples remained invariant with layer

thickness. It is also noticed that the flame spread temperatures required for flame

spread are generally lower than those for ANS. This serves to validate the ignition and

flash point criteria.
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Figure 5.5. Flame spread velocity in terms of the fuel surface temperature for ANS

crude oil.
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Figure 5.6. Flame spread velocity in terms of fuel surface temperature for Cook Inlet

crude oil.

5.7 Summary
To flame spread of a slick of oil on water sublayer, the HIFT apparatus is used. As
for solids, flame spread parameter and the thermal properties of a liquid fuel supported
by water can be extracted using this testing methodology. For fuels that do not permit
attainment of thermal equilibrium (t*) before flame spread, flame spread can be
theoretically correlated to the fuel surface temperature. The propensity of a crude oil to
propagate a flame can be characterized by two parameters:
(1) The thermal inertia of the fuel (kpC) or “fire propertiés” can be extracted from
flash point temperature in combination with the critical heat flux and provides a
measure of the heating process. It is a function of the fuel and is independent of the

experimental and environmental conditions.
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(2) The flame spread parameter (¢ ), which describes the energy of the flame, can be
extracted with knowledge of the thermal properties. Like the thermal properties,
the flame spread parameter is a function of the fuel and is independent of the
experimental and environmental conditions.

The experimental methodology and its theoretical underpinnings were validated with

experiments using SAE 30W oil and ANS and Cook Inlet crude oils in their natural

state as well as different levels of weathering. The results show consistency previous
ignition and flash point data presented in Chapter 4. The slope generated from the
flame spread plot remains invariant with the level of evaporation. Although a shift in
temperature occurs due to increasing flash point with level of weathering, the difference
between flash point and surface temperature regardless of evaporation level should »be
equivalent for the same velocity. This could not be verified due to uncertainties in the

thermocouple measurements.
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CHAPTER 6 CONCLUSIONS

Removal of an oil slick by combustion can serve as an effective spill mitigation
tool. In-situ burning of crude oil floating on water is accomplished through three
distinct regimes of the burning process: ignition, flame spread and mass burning. The
protocol used to achieve in-situ burning has been generally determined by means of
costly large-scale tests. This work examined a methodology to assess the burning of
crude oils on a water sub-layer by means of a Bench scale procedure. A modified
ASTM E1321 (LIFT) together with flash point measurements is used to extract fuel
properties in conjunction with existing theoretical correlations. The methodology to
assess the burning characteristics of a liquid fuel on a water sublayer has been presgnted
and verified. SAE 30 Weight oil as well as ANS and Cook Inlet crude oils in various
levels of evaporation have been used to provide validation. Although this methodology
provides relevant information on the burning characteristics of crude oils on a water bed
is not meant as a substitute to large scale tests. Instead it is meant as a complement that
will lead to reduction of the number of large scale tests required to establish a protocol
for in-situ burning of oil spills.

For ignition; the critical heat flux for ignition as identified in ASTM E1321 was
found to be the parameter that better describes the capability of a fuel to ignite. For
experimental conditions similar to those of the present experiments, the critical heat
flux for ignition was found to be independent of the geometry and flow conditions and a
parameter that could be extrapolated to attempt a relative evaluation of ignition at more
realistic length scales. The minimum heat flux for ignition needs to be accompanied by

a minimum heat flux that will lead to boiling of the supporting water layer. The critical
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heat flux for boiling, when greater, than the critical heat flux for ignition, will take the
place of the minimum external heat flux that is needed to achieve ignition. The values
obtained for the critical heat flux for ignition and boiling are not necessarily correct due
to the strong theoretical and experimental simplifications incurred during the present
work. Therefore they should not be taken as absolute values but as a means of
assessing the relative susceptibility of a fuel to ignite.

The ASTM D56 Tag Closed Cup flash point tester is used to characterize the
lowest temperature at which application of the flame ignites the vapors above the
sample specifies the flash point. The flash point gives an indication of the pyrolysis
temperature of the fuel under a controlled environment, but does not give any
information on the thermal properties. Therefore, is not sufficient to characterize
ignition, but can be used to complement the ignitioﬁ criteria. It was demonstrated that
the flash point temperature can be used as a characteristic ignition temperature allowing
for the determination of the total convective heat transfer coefficient (hr) from a plot of
the critical heat flux for ignition as a function of the flash point temperature. This
information permits the determination of the parameter (kpC), fuel property that can be
used to characterize ignition and flame spread.

For flame spread; the minimum external heat flux that will sustain propagation
together with the parameter ¢ (function of the fuel properties) will serve to describe the
flame spread characteristics. Although the liquid convection mechanisms can not be
addressed by the present experiments, the value of the combined thermal inertia (kpC)
and the parameter ¢ serve as a global measure of the combined effect of natural

convection, conduction and surface tension.
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Using the appropriate theoretical correlations, a summation of results for SAE

30 Weight, ANS crude, and Cook Inlet crude oils are presented in Table III.

Table III. Parameters for characterization of piloted ignition and flame spread.

Fuel qr. &®Wm% | Tp(CC) | kpC (Wm™-K)s | ¢ (kW¥m’)
SAE30W 5.0 250 1.15x 10" 1.36
ANS 0% evap. 0 <3 4.6x 10’ 4.0
ANS 8% evap. 0 20 4.6x 10° 4.0
ANS 12% evap. 1.3 37 4.6x 10° 4.0
ANS 20% evap. 4.0 85 46x10° 4.0
Cook Inlet 0% evap. 0 <0 3.7x10° 2.72
Cook Inlet 13% evap. 0.3 20 3.7 x10° 2.72
Cook Inlet 20% evap. 1.0 41 3.7 x10° 2.72
Cook Inlet 25% evap. 4.8 62 3.7x10° 2.72

The values of g5 are not presented in this table since they depend on the fuel

layer thickness. As shown on Table III the values of (kpC) and ¢ are not a function of

weathering, only the critical heat flux for ignition is influenced by evaporation of the

light volatiles.

Although the overall objective of this study is to characterize the entire in-situ

combustion process, only work relating piloted ignition and flame spread is presented.

Mass burning is an integral regime of the combustion process that can be used to

describe the efficiency of in-situ combustion as a clean up tool. To assess the feasibility

of in-situ burning as a spill mitigation tool, the mass burning process must be included.
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