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Fig.1 Pilot-scale research boiler showing location of sampling stations
Table 1 Analysis of as-received crude oil
Property De:::::n:fon Result
1. Gravity, °API D 287 (Hydrometer) 36.9
specific, 60/60°F D 287 0.840
2. Reid vapour pressure, 1lb D 323 ¥
3. Sulphur, % wt. D 129 0.51
4. Pour point, °F D 97 25
3. Gross calorific value,
corrected for sulphur,
Btu/lb D 240 19003
6. Water and sediment, % wt D 96 0.40
7. Ash, % wt D 482 0.022
8. Total water-soluble chlorides
as NaCl, 1b/1000 bbl USBM RI 3517 73
9. Water-soluble phenols nil
10. Water-soluble mercaptans nil
11. Explosiveness at 70°F, % 3-GP-0/99.1 (modified) 100
12. viscosity, 100°F, Sus D 445-D 2161 38.7
13. Viscosity, centistokes D 445
at 100°F 3.83
17°F 5.40
68°F 6.25
60°F 7.41
50°F 10.98
40°F 21.68
14. Elemental analysis
Carbon, % wt calculated 86.1
Hydrogen, % wt calculated 13.4
Sulphur, % wt D 129 0.51
Vanadium, ppm D 1548 2.4
v,;0 4.4
lﬂc&!?, Ppm 4.4
Iron, ppm 2.8
Sodium, ppm D 1318 54
Calcium, ppm Atomic absorption 11
Magnesium, ppm Atomic absorption 1.6
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0.923 at 60/60 °f

* Analysis of Contaminated Crude 0il

The crude oil used in the second test was the same as

that described above, except that total water-
(Item 9) were increased by the addition of NaC

total of 373 1b/1000 bbl.
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Fig. 2 Viscosity-temperature relationship for mixed blend crude oil

two pressure-atomizing burners. This corresponds to 92 percent
of the -research boiler’s full-load rating. Specified control pa-
rameters for these tests were as follows:

1 Excessairlevels: 5 percent or less.

2 Smoke number: 0.5 Ringelmann or less,

3 COinfluegas: 0.1 percent or less.

4 Surface temperature of the high-temperature corrosion
probe: 1100degF + 50 degF.

Fuel Analysis

The crude oil blend provided for the ecombustion tests was that
normally supplied by the Interprovinecial Pipeline to Toronto from
western Canada. Random samples, taken from 12 of the 50
barrels in the shipment, had specific gravity readings ranging from
37.10 deg API to 37.15 deg API. A composite of the random
samples was then used to conduct an explosiveness analysis in
accordance with the Canadian Government Specifications 3-GP-
0/99-1 (Modified).? This analysis yielded an explosiveness read-
ing of 100 percent at 70 deg F, which emphasizes the need for
stringent precautions to control evaporation losses during bunker-
ing and storage.

The analytical data for both the as-received and contaminated
crude oil are given in Table 1. Referring to item 13 of Table 3
it is important to note that the relationship of kinematic vis-
cosity versus temperature deviates from linearity at tempera-
tures below 65 deg F, when plotted on Chart D-ASTM 341,
shown in Fig. 2. This nonlinearity is generally conceded to be
due to the oil, which contained 3.5 percent by weight wax, be-
coming non-Newtonian because of molecular agglomeration or
crystallization.

Screen plugging tests revealed that the pour point is very de-
pendent upon the previous temperature history of the crude oil;
the maximum pour point being +30 deg F and the minimum pour
point being —45 deg F.¢ These results indicated that care must
be taken to overcome problems of pumping from storage if the oil
temperature drops below the maximum pour point,

Performance Parameters

The principal parameters measured during the combustion
performance tests are listed next. The first 8 parameters were

! Private communication, Quality Engineering Test Establishment,
Department of N ational Defence.

¢ Private communication, Fuels and Lubricants Laboratory,
National Research Council of Canada.
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Table 4 Electrosictic precipitator performance

Particulate Matter Loading at Loss on Ignition Dust
Crude 011 Electrostatic Precipitator (1o1) X wt Collection
Teat g /N3 Precipitator Inlet Effictency
Inlet Outlet T wt*
As received 25 0.3 80.4 99
Contamineted 30 0.4 8.0 »

*Gas folet tempsrature at the precipitator = 300°F.

1 Late autumn conditions with overnight temperatures
dropping to 35 deg F caused a gradual decrease in temperature of
the oil supply after sunset each day which caused a slow, but
measurable, increase in firing rate. This effect, which was com-
pensated for by reducing the oil pressure, is critical with gear
pumps where increases in oil viscosity are associated with in-
creases in flow rate.

2 The fireside pressure drop across the furnace screen tubes,
simulated superheater and the air preheater remained constant,
indicating little or no fouling of these heat-transfer surfaces.
Consequently, soot blowing was unnecessary and temperatures
throughout the waterside and the fireside of the boiler circuit were
relatively steady.

In general, the combustion and boiler performance with crude
oil were extremely good and no operational difficulties were en-
countered. Crude oil is, in all respects, a premium fuel for steam
generation.

Five Gas Analysis, Smoke Density, and Flame Temperature. AvV-
erage and range values for these parameters are summarized in
Table 3. Excess oxygen was kept below 1 percent while CO
averaged 0.05 and 0.01 percent in the tests with as-received and
contaminated crude oil, respectively. The difference in CO level
is probably due to minor changes in combustion aerodynamics
which are magnified by the very short residence time in the fur-
nace of the pilot-scale research rig. It is anticipated that with
the longer residence time available in a utility generator, well-
designed burners should achieve 0.6 percent excess oxygen with
less than 0.005 percent CO.

The SO; concentration merely reflects the sulfur content of the
fuel and is not significantly affected by changes in firing condi-
tions. '

Nitrogen-oxide concentrations are fairly low compared to
values reported in the literature, and it is significant that all
nitrogen oxides are in the form of NO rather than NO;. These
low NO levels are likely due to the low excess air levels. How-
ever, somewhat higher NO levels could be expected from a large
generator, under the same firing conditions, because the flame
temperature would be higher.

Faint smoke was visible from time to time in the breezhing but
the stack was clear.

Acid Dewpoint, $O; Concentrotion, and Rate of Acid Buildup. During
both tests, (a) repeated measurements demonstrated that no acid
dewpoint existed, although a water dewpoint was detected below
115 deg F; (b) 8O, levels were consistently less than 2 ppm; and
(c) there was no measurable rate of acid buildup. This is con-
sistent with the trace levels of SO, that were found.

These results clearly indicate that the combination of low-
sulfur oil and low-excess-air firing virtually eliminates the forma-
tion of SO,. :

Particulate-Matter Loading in Fiue Gas and Electrostatic #recipitator
Performance. These data are summarized in Table 4. Soot load-
ings at the inlet of the electrostatic precipitator were relatively
low and collection of soot by the precipitator was relatively ef-
ficient. In addition, the combustible content of the soot, being
lower than is normally experienced in residual-oil fired systems,
indicated good burnout. Size analyses, conducted on soot sam-
ples taken at the precipitator inlet, indicated that over 70 percent
by weight of the particles were less than 30u while over 40 percent
by weight were less than 10u. The soot sample collected at the
precipitator outlet was too small to permit a particle count but a
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Table 5 Low-temperature corrosion probe data

Water-soluble
Deposit C sition S5 _h:

.
Crude 011  Probe No. Temp., °F T Ca Mg Ma C1 s

As received’ 1 180 3.1 16.4 2.2 1.1 1.0 28.2
2 220 3.5 15.0 0.5 0.4 2.2 24.2

3 260 2.6 10.4 0.8 0.4 2.0 31.0

Contaminated & . 180 5.9 15.4 0.1 0.8 4.1 25.6
220 $.2 10.8 0.3 0.9 3.7 2.3

[1 260 0.4 14.8 2.2 2.2 3.3 249

comparative microscopic examination of soot collected at both

- theinlet and outlet of the precipitator showed no observable dif-

ferences in particle size distribution.

Low-Temperature Corrosion Probes. The composition of the
water-soluble products from these corrosion probes, given in
Table 5, shows that virtually all of the anions (Cl and SO) are
neutralized by cations (Mg, Ca, and Na) normally present in the
oil. But, it should be noted that iron corrosion can still oceur
when surface temperatures are low enough to allow condensation
of liquid salt solution. Examination of the probe heads after
cleaning revealed that the exposed surfaces were uniformly cov-
ered with tiny pits that contained chlorides. These pits were of a
superficial nature.

The amount of water-soluble iron and sulfate removed from the
probes indicates that wastage of mild steel surfaces in low-tem-
perature boiler regions would be very low while burning this crude
oil. Furthermore, the absence of an acid dewpoint confirms that
corrosion due to condensed sulfuric acid will be no problem.

High-Temperature Comrosion Probes. The temperature of each
probe was measured by a thermocouple silver-soldered to the
middle specimen, which was made of SA 192 carbon steel. The
middle specimen was included for temperature control rather than
corrosion study since this material is not intended for high-tem-
perature service. However, after each test the control specimen
was cleaned of loose deposits, reweighed, and examined metallo-
graphically as were the others.

Fig. 4 shows the high-temperature corrosion probe after ter-
mination of the test on the as-received crude oil. The thin, uni-
form deposit layer, though loosely bonded, covered a tightly ad-
herent scale that could not be removed by scraping. This con-
dition was essentially duplicated on the probe that had been ex-
posed to the contaminated crude oil.

X-ray diffraction analyses of the loose deposits revealed that
only sodium sulfates and iron oxides were present, regardless of
whether as-received or contaminated crude oil was burned. Itis
significant that neither chlorides nor vanadates were detected in
these deposits. The sodium sulfates are a reaction product of the
salt and sulfur in the oil but the iron oxides result from gas-phase
oxidation of the ring surfaces in the 1200 deg F gas stream.

Metallographic examination of the fireside surfaces of each
specimen showed that, in terms of scale thickness, the 321 stain-
less steel specimen was the most resistant to surface corrosion
with the degree of resistance gradually deteriorating for the T-22,
T-11, T-1, and SA 192 specimens, respectively. No intergranular
corrosion or severe surface pitting was observed on any specimen.
In general, all specimens exhibited a weight increase, after ex-
posure, that was roughly proportional to the scale thickness.

The metallographic examinations and the X-ray diffraction
analyses strongly indicate that the surface scale or corrosion layer
on each specimen resulted from gas-phase oxidation at 1150 deg F
rather than from liquid-phase corrosion by molten oil ash.

Conclusions

The crude oil provided for this evaluation contained highly
volatile components; this imposes requirements for precautions tO
prevent storage tank explosions. Low-temperature tests indi-
cated no problems due to plugging of screens or in pumping the
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fuel above the maximum pour point.

In all respects, the sample crude oil tested represents & pre-
mium, low-pollution fuel for power generation. General com-
bustion performance, in terms of ignitibility, flame stability, and
burnout, was equivalent to, or better than, No. 2 fuel 0il. The
deposition, corrosion, and pollution characteristics of this erude
will not be changed significantly by the addition of over five times
the normal salt level.

Particulate emission will be low compared to typical values for
residual fuel oil, and 8O, emission will, of course, be proportional
to the sulfur content of the crude oil. Burning with moderately
low excess air will practically eliminate the emission of SO, and
will limit nitrogen-oxides emission to fairly low levels of NO.

It appears that corrosion potential will be low for, though
corrosion rates established during short-term tests cannot be
extrapolated to several thousand hours, no alarming quantities of
oil-ash corrosion products were found at either high temperature
or low temperature. The 321 stainless steel will corrode but
slightly; however, the SA 192 carbon steel and “T”’ series alloys
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will scale substantially, as would be expected at 1150 deg F.
Metallurgical studies indicated that 316 stainless steel will also be
a suitable alloy for this superheater application.
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