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ABSTRACT

A laboratory study is described inwhich the combustibility of fresh and
weathered crude oils, petroleum products, and water-in-oil emulsions was in-
vestigated. A small-scale burning apparatus has been designed and operated
to yield data on the ease of ignition, duration and conditions of burning
and the fraction burned. Satisfactory correlation exists between these
laboratory tests and larger field tests on the same oil reported by Energetex,
except that the fraction burned is consistently higher in the laboratory
tests, probably as a result of insufficient radiant heating from the smaller
flame. Weathering results in loss of volatiles, more difficult ignition,
slower burning and,in some cases, surprisingly higher fractions burned. An
attempt is described to assemble a simple mathematical model of ignitability
as a function of oil fire point and thickness, and the characteristics of
of the igniting device. The model satisfactorily describes the qualitative
ignitability observations and,with further development,may be capable of
being used to predict the ignitability of various oils and emulsions under

various conditions.
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1. INTRODUCTION

One of the more attractive methods of treating crude oil spills in
the Arctic is to burn the oil in situ on water or ice surfaces. It is
possible that the lower temperatures which prevail over much of the Arctic
year will result in (i) the slower loss of volatiles from the oil, thus
maintaining the oil in an ignitible state longer because of the lower fire
poeint and (ii) slower spreading thus leading to thicker oil slicks or
pools which will be more readily ignited. The presence of ice may block
spreading and may act as a platform for burning oil spilled under first
year ice. Because of the problems of lack of a labour force and accommoda~
tion and the hazards of operating in ice~infested marine environments a
particularly attractive option is the aerial deployment of incendiary

devices to ignite the oil or the use of portable flame throwing equipment.

The general issues of Arctic oil spill countermeasures have been
reviewed by Logan et al. (1, 2}, Ross et al. (3), and Greene and Mackay
(4) . The feasibility of aerial ignition of o0il has been examined by Zormack
(5) and actual devices developed and tested by Energetex (6). Experimental
o0il burns have been reported by Noréor (7) by Coupal (8) and by Day et al.
(9), the latter also examining the nature of the emissions. A comprehensive
review of oil burning as an oil spill treatment has been compiled by Battelle

(10).

In this work the aim has been to examine the effect of oil temperature,
evaporation (or weathering) and water content on its ignitability. An exper-
imental laboratory apparatus has been devised which enables the burning of
an o0il pool to be examined in detail. The ease of ignition (characterised
as energy input necessary to cause ignition) is measured, as are temper-
atures, burn duration and amounts of residue left after burning. A math-
ematical description of the burning process enables the results to be
fitted t6 a correlation procedure thus permitting interpretation, inter-
polation and even modest extrapolation. Although there has been considerable
work on combustion of hydrocarbon fuels, especially in droplet form, and
also from flat surfaces and on the behaviour of fires of plastic materials
(see Glassman (l1l) for review) there has been to our knowledge no study of
the in situ combustion of crude oil, taking into account temperature and

prior weathering which decreases ignitibility because of locss of volatiles.



A related area of interest is the ignitability of water in ¢il emulsions.

It is believed that the ignitibility and subsequent burning behaviour

of a crude oil depend on the following factors:

(i) 0il composition, particularly volatility
(ii) 0il slick dimensions, thickness and width
(iii) Ambient temperature

(iv) The presence of emulsified water in the oil

(v) Wind conditions

This work seeks to quantify the effects of the first four variables.
It is hoped that by undertaking laboratory and larger~scale "field" tests
on the same oils it may be possible to obtain a correlation between the
results, thus permitting the cheaper, faster and better controlled labor-

atory test‘to be used to predict full scale burning behaviour.



2. EXPERIMENTAL

The apparatus is illustrated in Figure 1. A circular brass dish
(6.8cm in dia. and 1.5cm in depth) was used for the combustion of the oil
samples. The dish (substrate) temperature and the initial temperature were
controlled by silver soldering a second dish on to the becttom of the com-
bustion vessel with inlet and outlet ports for circulation of the cooling

fluid which was circulated from a refrigerated bath.

A nickel-chromiun wire of known resistance was used to heat the
crude oil to permit ignition. A small propane flame (approx. 5mm dia. by
lem long) was used to ignite the crude oil. The heating wire was submerged
just beneath the surface of the oil for each run. Current was supplied by
a D.C. power supply and an Acromeq Linear Current integrator was used to
measure the total number of coulombs passing through the ignition wire. A
10 Mohm input impedance multi~-meter with a full scale accuracy ¢f 3% was

used to measure the voltage drop across the ignition wire.

Four electrical 750 watt ring heaters of diameter 13cm placed
approximately Scm above the o0il surface, were used to maintain the oil
temperature close to the flame temperature during burning. It was observed
that their use resulted in considerably higher burning efficizsncies as a
result of the radiant heating of the oil. It is believed that their use
results in a closer simulation of actual oil burning condit:ons since a
large-scale fire experiences more efficient radiation to the evaporating

surface.

Chromel - Alumel thermocouples coupled to a Bailey Instruments
digital thermometer were used to measure the dish, oil and flame temger-

ature during the burn.

Air was supplied from a pump to the system by 8 separate lines
located concentrically about the combustion vessel, four of which were
directed to the surface to ensure efficient burning as shown in Figure L.
Each of the lines was connected to a common manifold, and the air velocity

was determined by an orifice place meter.

The combustion vessel rested on a brass support plate and was elec-
trically as well as thermally insulated from the plate. An approximately

lcem thick glass column 45.7cm in height and 15.2cm in internal diameter
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was placed over the combustion vessel to improve flame stability.

Several types of crude oil and products were used in this work, as
tabulated later. The experimental procedure was the same in each case. A
volume of oil lcm thick was placed in the dish, and the cooling fluid
circulated. When the o0il reached the required temperature, the air pump
was turned on at a flow rate of 90 1l/min. and the propane flame was lighted.
Current was supplied to the ignition wire to ignite the o0il. When the oil
started to ignite, the electric radiant heater above the o0il (which was
turned on approx. 30 minutes earlier to make it red hot) was lowered to a
height of S5cm above the 0il surface. The time to ignite the o0il and the
duration of the burn were both recorded. If the oil failed to ignite, the
current was turned off and the 2il was allowed to cool. The voltage was
then adjusted to increase the current and the operation was repeated

until the oil ignited. The voltage drop at ignition and the total number of

joules supplied through the heater and the oil, substrate and flame
temperatures were recorded.
At the completion of the burn, the amount of residual oil was

recorded. The residual mass was also collected into plastic bottles.

~ Water in oil emulsions were farmed by mixing oil and water in a
blender. Water contents were determined by dissolving the emulsion in
heptane and distilling out the water, i.e., using the "Dean and Stark"
technique. Weathered oil samples were obtained by evaporating the oil in a

wind tunnel.

Standard ASTM D86 boiling point vs. fractiondistilled curves were
prepared for the Alberta crude oil at various degrees of weathering. Gas
chromatographic analyses of oil samples were done on a Hewlett Packard
700 instrument with a 10 ft by 1/8 inch SS column packed with 10% SE 30
ultraphase on chromosants P-AW-DMCS-60/80 mesh with a FI detector and
3380A Integrator. Temperatures were programmed from 50°C to 280°C at 1l0°C

per minute.



3. RESULTS

The results of the tests on the various crude oil samples supplied
by Energetex are presented in Table 1 and the data from their emulsion
samples are given in Table 2.

To provide a more accurate picture of the effect of weathering on
combustibility an Alberta crude oil sample was weathered in & wind tunnel
and the combustion characteristics measured, the results being given in
Table 3. In addition Table 4 gives similar data for one oil at various

water contents.

These data are also illustrated in Figures 2 to l4 to aid inter-

pretation.



4. DISCUSSION

It is useful first to discuss the data from the tests on the
Alberta crude oil as presented in Table 3. As expected, the ignition time
and energy increased considerably as the oil weathered, the reason being
that the fire point increases and thus it is necessary to heat the oil
more in order to obtain a sufficient rate of vapour evolution to sustain
combustion. It may be possible to relate these energies to ignition enexgy
requirements. The burning times increased steadily with weathering,
reflecting a slower combustion rate presumably attributable to a lower
oil vapour pressure during combustion. The weathered oils gave flames
which were noticeably weaker. The oil temperatures were higher for the
fresher oils probably as a result of more radiation from the more intense
flames. The differences in temperature were not, however, very large. The
indicated flame temperatures (which are really the temperatures of the
thermocouple rather than the flame)were consistently higher for the fresher
oils. The burning efficiencies were rather surprising in that it was expected
that weathering would reduce efficiency. On the contrary, the efficiency
increased significantly, as shown in Figure 2, until 35% weathering then
fell rapidly. This suggests a critical degree of weathering beyond which

efficiency falls. It would be useful to know at what time this is reached.

The emulsion data in Table 4 show that as expected more eneryy is
necessary to ignite the oils containing water, presumably due to the need
to heat and evaporate some water. The oil burning temperature fell as the
water content increased due to the cooling effect of the water. Flame temper-
atures were also correspondingly lower. The oil burning efficiency (defined
as the fraction of the oil which burned) also fell. The higher water con-
tent oils showed a greater volume reduction because the water was eliminated;
thus the effect of water is to reduce the amount of oil which can be burned
but increase the amount of oil plus water (i.e. mousse)whizh is destrcyed.
In these experiments the oil-water mixture was always at an initial thick-
ness of lcm,thus there was less oil when the water content was high. The
duration of the burn was thus as expected considerably shorter for the
higher water content oils since less 0il was burned. The oil burning rates

are approximately equal.

The distillation curve data in Figure 3 illustrate the effect of
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weathering to be as expected an increase in the initial boiling point and

a general movement of the curve to the left and upwards.

Turning to the data from the Energetex samples, in Table 1 the same
general pattern emerges. More weathered oils required greater ignition
times and energies (Figures 4 and 5), gave lower oil and flame temperatures
(Figure 6), burned longer (Figure 7), and usually gave higher burning
efficiencies (Figure 8). The marine diesel proved to be most difficult to
ignite. Surprisingly the Bunker C was ignited quite easily possibly because
its high viscosity permitted intense local heating. In general the final
0il thickness was in the range of 1 to 2 mm.

The emulsion data in Table 2 and Figures 9 to 12 are also consistent
with the earlier results, high water contents leading to more difficult
ignition, shorter burns (but at similar oil burning rates), lower temper-

atures and lower burning efficiencies.

It had been hoped that the two sets (field and laboratory) of data
would give similar results for burning efficiency, enabling the laboratory
test to be used to estimate field burning efficiency. Examination of the
data shows that the residual oil thicknesses cbtained by Energetex were
consistently 0.3 to 0.6 mm and mostly about 0.5 mm. There is no systematic
trend in the data. The laboratory test gave greater variation and usually

higher residues, probably because of less intense radiation during burning.

It is thus concluded that the sets of tests give a broadly consistent

picture of the burning characteristics of crude oil and emulsions.

Two issues remain to be examined, the reason for the surprising
increase in burning efficiency, and the correlation between "field" and

laboratory data.

The increase in burn efficiency is surprising because the fresher
0il contains a higher proportion of volatile components whicn should tend
to burn more efficiently. Several explanations can be advanced to explain

this anomaly.

(1} The fresher oils are less viscous and may ccnduct heat by



convection to the substrate more rapidly. If this were the case the oil
temperature would be lower for the fresher oils but in fact tbe opposite

was found, especially for the final oil temperature.

(2) During combustion the hotter, fresher oil undergoes souwe form
of coking reaction resulting in formation of a less combustible residue.
GC analyses were done of fresh and weathered crude and marine diesel
oils and of the residues. The traces given in Figures 13 and 14 show the
usual weathering but show no detectable change in the residues after
burning. Cokes, of course, would not show up on the chromatograms. Sur-
prisingly, there is still a considerable quantity of volatile oil present
in the residue, even as low as Cl4 or CiS. This suggests a third explan-
ation.

(3) During the burning process there is more effective transfer of
the volatile components to the surface because of the lower viscosity.
Thus although initially present in large quantities,they become more
rapidly depleted from the oil at depths. Comparison of the GC traces of

the residues of the crude o0il does not support this.

(4) In a study of burning of liquids in pools, Roberts and Quince
(12) suggested that when m-xylene was burned it formed a low emissivity
diffusion flame but as the burning rate increased the fiame emissivity
increased rapidly leading to cooling and extinction. A less intense, slow
burning flame may thus be more effective in radiating heat back to the
0il per unit mass of oil burned. A more intense flame may be less stable.
Certainly the fresh oil flames were initially much brighter and intense.
It remains difficult to explain why the fresh oil flame does not revert

to a less intense lower emissivity flame at a late stage in the burning.

(5) In the Energetex report it is suggested that "micro-explosions"
or sputtering of the oil (presumably caused by local overheating of oil cr
water) propelled non-volatile oil into the flame resulting in better com-
bustion. This appears to occur more for weathered oils, possibly because

of higher viscosities. The validity of this suggestion cannot be tested.

It was noted that the weathered ¢il burned more slowly than the
fresh oil, thus it is possible that more time was available to heat the

substrate and fractionate out the more volatile material.
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This issue is probably of greater scientific interest than it is
relevance since the effect is quite small, corresponding to about an 8%

difference in burning efficiency.

An objective of this study was to determine if a correlation could
be established between the laboratory data and those obtained in full-
scale tests by Energetex (1979). Further, it is interesting to analyse
the Energetex data in an attempt to predict combustibility from oil
properties.

The oil properties most likely to be useful in predicting ignitibility
are fire point, flash point and initial boiling point (IBP).

Examinatibn of the data showed that the fire point was an average
of 9°C higher than the flash point; however the data are quite variable
as indicated in Figure 15 (Table 6). Since fire point is the more signif-

icant quantity, it was used in further correlations.

Figure 16 is a log-log plot of IBP versus fire point and gives a
regression egquation.
0.6

IBP = 11.0 (Fire Point) (temperatures in ©C)

or FPire Point = 0.018 (IBP) 1.67

Relationships between flash point and IBP can be obtained by sub-

stituting (flash point + 9) for fire point in the above equations.

An alternative relationship between IBP and fire point is suggested
by postulating that the oil vapour pressure must be raised to some critical
value in order to support combustion. The IBP usually exceeds the fire
point by 30 to 100°C,thus the fire point corresponds tc a vapour §ressure
below 1 atmosphere. The Clapeyron~Clausius equation can be used to calculate
the vapour pressure P at the fire point F(K) by assuming that the vapour

pressure is 1 atm at the IBP (K) as follows:
1n(P/1.0) = AH{l/(IBP) - 1/(F)1}/R

Here AH is the enthalpy of vaporization (approximately 7000 cal/gmol) R 1is

the gas constant (2.0 cal/gmol K) and the temperatures are in absolute units
(K). A plct of the reciprocals of IBP and fire point is given in Ficure 17
The mean difference in reciprocal temperaturcs is 0.00045 x-l corresponding

to a vapour pressure at the fire point of 0.2 atm.
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It is also interesting to compare the fire point with the oil temper-
ature at ignition as measured in the laboratory apparatus as plotted in
Figure 18. It appears that volatile oils of low fire point had to be heated
above the fire point by 20 to 40°C to achieve ignition. This is presumably
a function of air flow over the oil surface. For less volatile oils agree-
ment is better. It is apparent that these two quantities are essentially

measurements of the same quantity.

In this study the best characterisation of ignitibility is ignition
energy which is plotted in Figure 19 against fire point and in Figure 20
against the laboratory oil ignition temperature. It is apparent that the
relationship is highly non linear, i.e., high fire point oils require
disproportionately large amounts of ignition energy. The reason for this
is that to heat an oil to say 150°C from 0°C takes longer and is thus less
efficient than heating an oil to say 100°C as a result of heat loss during

the heating period.

An elementary analysis can be used to suggest a relationship between

heating time, energy and fire point.

If we consider a mass of o0il Mg of heat capacity Cp (J/gK) at an
initial temperature To (X) heated at a constant rate H J/s but losing heat
at a rate h(T—To) J /s when at a temperature T (K) then a differential

heating equation can be written in time t (s)
H - h(T—To) = d(MCpT) /4t

The h term is a combined heat transfer area and heat transfer coefficient.

Integrating from zero time gives
T = To + (H/h) (1 - exp(-ht/MCp)

Since the heating rate is H J/s, the total energy used to reach T
I is Ht (J). Interestingly when t is lardge T tends to a maximum temperature
(To + H/h) at which the input heating rate H equals the loss rate h (T—To).
The relationship between fire point (T) and ignition energy (I) should thus

be of the form above which can be rearranged to give
ln(l-(h/H)(T—To)) = - hI/BEMCp = ~-ht/MCp

This suggests plotting (l—(h/H)(T-To) against I or t on semi log paper from

which the slope can be used to give a value for (h/MCp). This plot requires
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prior knowledge of (h/H) but this can be estimated as the asymptotic value
of T when the ignition energy tends towards infinity. For the laboratory
results this is approximately 170°C,thus (h/H) is 0.006. Such a plot is

given in Figure 21.

In the Energetex study the best indications of ignitibility are pre-
heat time, ignition time or their sum which are plotted in Figure 22
(Table 5) against fire point for several oils. The graph clearly shows
that prolonged ignition times are necessary when the fire point becomes
large. These data suggest that there is some maximum attainable value of
oil temperature (i.e., H/h) for a given igniting system. If this exceeds
the fire point ignition is achievable, if not ignition is not achievable.
The data in Table 14 of the Energetex report suggest that this maximum
temperature (H/h) is dependent on oil thickness, being lower for thin oil
slicks which are more readily cooled. It can be postulated that if two
slicks of different thickness are heated at the same rate H then the
temperature of the thin slick will increase faster because of its lower
thermal mass MCp but it may lose a higher proportion of volatile material
and achieve a lower final temperature because of faster heat transfer to

the substrate.

If a body of 0il of unit area is heated from above. at a rate H J/s
and ‘reaches steady state with transfer to the substrate then H will egqual
KAT/Z where AT is the temperature gradient across the oil, K is the thermal
conductivity and 2 is the oil thickness. Assuming a constant substrate

temperature To’ the upper oil surface temperature Ts will thus be
T =T + AT = T° + HZ/K

For a given H and K there is thus a maximum Ts which can be achieved
dependent on 2. Thick o0il poels can achieve hotter upper surfaces than
thin oil pools. The term h as used earlier can be regarded as essentially
K/2,thus a useful indicator of oil ignitibility is the greup H/h or HZ/K
which has units of temperature and represents a maximum achievable upper
oil surface temperature and which may or may not exceed the fire point

depending on Z, K and the heating rate I.

For a1l em (0.01 m) oil pool this temperature may be 200°C,and above

the fire point, implying a value of 20000 for H/K,thus for a 5 mm pool HZ/X.



-12 -

is 100°C and possibly below the fire point. It is thus suggested that for
a given igniting device (i.e., given H) the criterion of ignitibility is

that HZ/K exceeds the fire point.

An additional complication is that if the pre-ignition period is
too long there will be a loss of volatiles, thus an increase in IBP and
fire point, thus the oil temperature may be rising towards an ever increasing
target ignition or fire point temperature. For thin slicks it is possible
that the increasing fire point "outstrips”" the o0il heating and no ignition
is achieved, only some volatile material is lost. An important implication
(if this conjecture is valid) is that the best igniting devices will release

heat very rapidly and thus reduce pre-ignition times.

A final version of the heating equation which contains the oil thick-

ness but not the volatilisation effects is thus
in(1l - {x/zH) (T - To)} = -Kt/ZMCp

but since M isez for unit ares where £is density, the right hand side

becomes
2
-Kt/2°Ccp

Assuming that most cils have similar values for K and Cp this can be

simplified to
2
- Ct/2
where C is a constant.

Figure 23 is an illustrative plot of this equation for the stated
values of C, K/H and 2. The K/H value of 0.00006 was deduced from the H/h
or HZ/K value of 170° and Z of 0.01 m, the C value was deduced from the
observation that a typical long but successful pre-igniticn time is 200s
thus assuming that this corresponded to a 70% approach to the asymptotic
temperature, the group Zz/C must be approximately 200s, which for a 1 cm
slick gives C equal to 5 x 10-7.

This figure shows that thin slicks heat up faster but reach a lower
steady state temperature than thick slicks. By comparing the oil fire
point with these temperature curves it is possible to determine the minimum

thickness which can be ignited by a given device. For example, if the oil
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fire point is 80°C slicks thinner than 5 mm cannot be ignited unless the
heating rate H is increased. For a slick of thickness 1 cm and fire point
80°C, the ignition time must be at least 120s, and preferably longer. This
set of curves thus provides a rational method of estimating ignitibility
as a function of o0il fire point, thickness and the heating rate of the

device.

In any assessment of the feasibility of burning oil which has
migrated through first year ice it is thus initially important to know
what spectrum of thickness the o0il will have and the correspondiné
degrees of weathering. The processes of migration, slick thickening and
natural evaporation result in formations of o0il pools which may or may not
be ignitible. It appears that this entire process may be capable of math-
ematical description. The weakest link is information about pool depths.
It is thus essential to gather information on the rate of oil migration

to the surface.

The overall process of oil migration, natural evaporation, attempted
ignition and burning is illustrated conceptually in Figure 24 for successful
and unsuccessful burning attempts. The aim of future research efforts should
be to quantify these processes in order that the feasibility of burning can

be accurately assessed.
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5. CONCLUSIONS

A small scale oil burning apparatus has been designed, operated, and
modified which is capable of yielding data on the ignitability of crude oils,
petroleum products and water-in-oil emulsions. ’

Ignitability and burning data from the apparatus and from full-scale
tests by Energetex show satisfactory agreement. Less satisfactory agreement
is obtained for the fraction of the oil left unburned. This fraction is
higher in the laboratory apparatus. It thus appears that the laboratory
test can give useful information about the feasibility of oil combustion.

A simple mathematical model is presented of the ignition process which
could possibly be developed into a predictive method for assessing the
feasibility of igniting and burning oils of various types, degrees of

weathering, water contents and slick thicknesses.



- 15 =

6. REFERENCES

l. Legan, W.J., Thornton, D.E., and Ross, S.L., "Oil Spill Countermeasures
for the Southern Beaufort Sea", Environment Canada Report EPS-3-EC-77-6,
February, 1977.

2. Logan, W.J., Thornton, D.E., and Ross, S.L. "0Oil Spill Countermeausres
for the Beaufort Sea", Environment Canada Report EPS-3-EC-77-7,
February, 1977. )

3. Ross, S.L., Logan, W.J., and Rowland, W., "0Oil Spill Countermeasures",
Department of Fisheries and the Environment, Ottawa, 1977.

4. Greene, G., Mackay, D., and Overall, J., "Clean-up after Terrestrial
0il Spills in the Arctic", Arctic, Journal of the Arctic Institute of
North America, 28 (2) June 1975.

5. Cormack, D., and Parker, H., "The Use of Aircrast for the Clearance of
Oil Spills at Sea", Proc. Joint Conf. on Prevention and Control of 0il
Spills, Los Angeles, Amer. Petrol. Inst., Washington, 1979.

6. Twardus, E.M., "A Study to Evaluate the Combustibility and other Physical
and Chemical Properties of Aged Cils", Department of Fisheries and the
Enviromment, Ottawa, 1979.

7. Norcor Engineering and Research Ltd., "The Interaction of Crude 0il with
Arctic Sea Ice", Beaufort Sea Project Technical Report No. 27, Environment
Canada, Dec. 1975.

8. Coupal, B., "Report on Controlled Combustion Tests Carried Out near
Rimouski", Environment Canada Report EPS-4-EC-76-2, March 1976

9. Day, T., Mackay, D., Nadeau, S., and Thurier, R., "Characteristics of
Atmospheric Emissions from an in situ Crude Qil Fire", Environment
Canada Report EPS-4-EC-79-1; also published as “Emissions from in situ
Burning of Crude Oil in the Arctic", Water, Air, and Soil Pollution,
(in press).

10. Battelle Pacific Northwest Laboratory, "Combustion: An Oil Spill Mitication
Tool", Interim Report for U.S. Dept of Energy and USCG, Richland Virginia
January 1979.

11. Glassman, I., "Combustion", Academic Press, N.Y., 1977.

12. Roberts, A.F., and Quince, B.W., Combustion and Flame, 20 245 1973.



.Iddu‘mw.c,mwd!;@;2._.2&.:.@-....4._.-.@..

T30 WY EETE T SITOHENsE ™ 1 sws

SaN QY
Wi™M 9N00) ;/, I — ol : 3 ey
: T ITINIITIT ——
AN = - -izﬂ Yig
. ey \\\\
S Quodiyer .- . \\\ 3
d0d 9NN - - E P
N MYALIROHUW Qg 2
: ~ A4 A0~
Mo~
/ ~ i
~. . : ‘
SWALHAVIG MY N .m.dKDQW a l_
taEwaez_ . WY TS - Bwend
o e =
. i | AT -
- : o ‘HiPs
g L o IHHI,NMH%HR; k
! IL 2wy T =) =TI~ avgaow
e \“\\\
: e ) N \\\l\u\ - FCH 014 Wiy, ITMOCT awged
P .. A2
-+ ECI L . s BOLoAMIG : .
NOLLINDL 7 -t N3 Wi - i
-\;\1&\\ ﬁ ;
WAl osiq -
ﬂ oL
-} e
ONISAOH  S5419 = R -

MALIWWY  any
ATHNG Yamed  F1QuinyA oL

o N
DY

Zy|
s

+

GaASND
Visiana43

3w.> NS XS~

U9 RN e I IS Ry ety (o] g



N © 0
o o o

% BURNING EFFICIENCY

o))
o

50

]

] 1

10

Figure 2.

20 30
% WEATHERING

Effect of weathering on burn efficiency

40

50



“()() B ol o
S
a
=
L
p—
P
O
,'2 % WEATHERING SYMBOL
;j:Z(J() o) A
:.-o- 10 o
Q 20 n
30 a
100 40 °
A 50 o
I 1 | ]
0 20 40 60 80

%DISTILLED (BY VOLUME)

Figure 3. Distillation curves for Alberta crude oil



o€

0¢

potrxad butbe SA swr)} burjesyaiq *y danbtg

(SAVQ@) dOId3d ONIDY
Ot 0

° |j9saiq auliew

v l1an1ry mog
o pua|g 41nog _

TJOHNWAS 110 40 IdAL

00V

009

008

(SIIWIL ONILVIHI Hd



potxad butbe sa Kpxsuo uoT3Tuby -G aanbrg

(GAVA)AOIddd ONIDV
074 ol 0

T o

H
}

©  |9s0I1Q dulle
v 1oAY mog
o puajg 4nog 10001
TOGWNAS 110 40 3dAL W
, ! z
-
@)
Z
m
e 10007,
m
By
oW
~
e
O
C
-
o 1000€m
W

1000¥




utod uor3TUbT - *q°1
spotaad burhe snoraea 103 oury BUTUING YjTM aanjerodwsy Jo uorjeries -9 2anbTg

(Do)dWN 3L

(S)yaw iL
00c¢lt oo8g 0
I T
//J 00¢
]
A ]
o
. SoaM ¥
v AosaM L
» Aeg l 00%¢
o INoH O 1any mog
TOQ9GN AS gold3d HONIDY 710 40 Id AL




1400

(S)

1000

COMBUSTION TIME

200

TYPE OF OIL SYMBOL

Figure 7.

/ Sour Blend °
Bow River o
Marine Diesel A
1 | d i 1
6 12 15 24 30

AGING PERIOD (DAYS)

Combusiton time vs aging period




potaad buthe sa AousToTJIa butuing g 210014
(SAVA) OI3d  DNIDY
ot vi 8t [A 9 0
| T T 7 T
m
7
(o]

v [9Saiq oaulen

o Janly mog

n pualg JInosg

TOBWAS TO 40 3dAlL

(4

06

00l

%

ONINHNG

AONZIOI443



TIME (S)

PREHEATING

60

\\.
40f N
207 TYPE OF olL SYMBOL .
Lloydminster o AE
Sweet Blend a
0 ! | ] !
20 40 60 80 100
% OIL
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Combustion time vs percent oil present in 2 emulsions
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