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ABSTRACT

Limited availability of conventional No. 2 fucl
oils led to a combustion investigation of two refinery
residues and two coal-in-oil slurries as potential sub-
stitutes. The investigation was carried out in a calori-
metric tunnel furnace using a mechanical-atomizing burner
for the refinery residues and a low pressure air atomizing

burner for the coal-in-o0il slurries.

At two swirl levels (S = 0.26 and 0.51) and
three excess-air levels both of the refinery residues
showed combustion efficiency, heat transfer and pollutant
emission characteristics similar to those of No. 2 oil.
No. 6 oil was comparable to the three high quality fuels
at all but the low swirl condition when heat transfer

rates and pollutant emissions were relatively high.

The coal-in-0il slurries (33% coal in No. 2 oil)
were successfully prepared and burnt using commercially
available hardware. With lignite, combustion was essent-
ially complete at both 25% and 7.5% excess-air; however,
with a bituminous-coal washery-reject the fly ash contained
about 457 combustible matter at 25% excess-air. Petro-
sraphic examination of the two coals revealed that the
bituminous coal reject contained over 60% fusinite and
semi-fusinite. These two macerals burn slowly and were
considercd to be responsible for the poor burn-out of the

hituminous coal reject.
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Rescearch Scientists, Canadian Combustion Rescarch Laboratory,
Fnerpy Rescarch Laboratories, Canada Centre for Minceral and
I'meryy Technology, Department of Enerpv, Mines and Resources,
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INTRODUCTTON

In Canada, the Department of Enerpy, Mines and
Resources is the principal federal agency responsible for
the development, utilization and conservation of the
country's mineral and energy resources. Within this
department are a number of groups engaged in a co-ordinated
research program which is directed toward the development
of specific energy technologies for national use. The
Canadian Combustion Research Laboratory (CCRL) is one of
these groups and provides a focal point for applied

combustion research in Canada.

The current research program at CCRL falls into
two general categories. The first is the "in-house' program

of research into combustion and combustion-related processes;

this includes activities such as the combustion character-
istics of low-quality fuels, combustion aerodynamics,
burner development, detrimentai effects of fuel residues
and fluid-bed combustion. The second involves collabor-
ative research programs with Canadian industry on problems
such as performance evaluations of existing equipment, the
enhancement of electrostatic precipitator performance for
low sulphur coals and chimney plume dispersion studies,

to name a few.

This paper is concerned with two complimentary
studies, one taken from each of the two research categories

cxplained above. ‘

Investigation of the liquid fuel alternatives
to conventional fuel oils was undertaken in collaboration
with a Canadian steel company to assess the feasibility of
substituting two liquid refinery residues for distillate
and residual fuel oil in industrial heat processes. Both
alternative fuels offered price and availability advantages

to the consumer.



The investigation of the'cblloidal fuel as an
alternative to conventional liquid fuels was undertaken
as part of the "in-house'" research program at CCRL to
establish design parameters for burning a colloidal coal-

in-o0il fuel in commercially available combustion equipment.

THE EXPERIMENTAL TURNACE

The CCRL tunnel furnace used in both series of
experiments described in this paper has been reported in
detail elsewheré(l). [t is a horizontal cylindrical
furnace consisting of 28 individual calorimetric sections
with a total length of 4.25 m and a diameter of 1 m. The
maximum thermal input is 2000 MJ/hr (0.56 MW). Figure 1
is a side view of the furnace showing the mechanism f{or

handling flame probes.

The furnace coolant (Therminol FR 1) is a fire-
resistant chlorinated biphenyl which remains stable at

atmospheric pressure over a temperature range from 0 to
315°C.

LIOUID ALTERNATTVES TO C/NVENTIONAL. TUEL OILS

The objectives of this study were to determine
the suitability of two liquid refinery residues as substi-
tutes for conventional No. 2 distillate fuel oil and No. 6

residual fuel o0il by characterizing the following:

1) The physical and chemical properties of each
fuel with particular attention being paid
to pumpability and flash point.

2) The effects of low- and high-swirl numbers

in conjunction with three excess combustion-
alr levels on flane clinacteristics, heat flux
distribution, particulate amissions and gascous

pollutants.




Fuel Prﬁﬂﬁﬁii““

The two substitute liquid refinery residues
wore derivatives from a svnthetic (tar sand) cerude oil
and a natural crude oil. Each sample, comprising 7 bartcls,
was unitormly blended in a 500-gal mixing tank at GCRL
betore beiny analvzed and burned. Thesc refinery residues
are ddentificed here as synthetic derivative (SD) oil and
natural dervivative (ND) oil. Both the No 2 and No. 6
reference fuel oils used in this project met ASTM Specif-

fcation ND396-69 for commercial fuel oils.

The analyses of all four fuels are given in
Table 1.  From this table it can be seen that the most
dramatic differences in fuel properties were in kinematic
viscosity and pour point, which significantly influence
fucl atomization and air-fuel mixing patterns. These two
properties, together with flash point, are normal accepted
indicators that the No. 2 o0il and the SD o0il should burn
cfficiently without preheat whereas the ND 0il should be
preheated to about 38°C for good combustion and easy

pumpability.

The Experimental Burner

The furnace was fired with a specially-designed,
mechanical-atomizing burner which incorporated infinite
control of the secondary-air swirl: the primary air was
riven a constant low-swirl component sufficient to
stabilize the flame. The burner, shown in Figure 2, was
Fived at about 12.5 US ng or 90% of full-load rating of
the tunnel furnace. Specified control paramceters for

cach of the four fuels were as follows -

1. [Excess combustion air corresponding to 1%, 37

and 5% 09 in flue gas.
2. Swirl numbers (isothermal at 21°C):-0.3 and 0.5
3. CO in flue gas: 0.1 or less.

4. Smoke opacity: Number 1 Ringleman or less



Analyses of the Four Fuel Oils

TABLE 1

No. 2 SD
0il 0il

Specific Gravitz, :

15.6/15.6°C 0.888 0.880
AP Grnvitz

at 15.6°C 27.9 29.3
IFlash Point, °C 60 0
Pour Point, °C -34 -23
Kinematic Viscosity, cSt

at 25°C

at 50°C 2.00 3.87
Ultimate Analyses

Carbon, % wt 85.25 86.47

Hydrogen, 7 wt 12.26 12.55

Nitrogen, % wt 0.01 0.06

Sulphur, % wt 0.26 0,32
Cross Heatr of Combust ion .

Keal /Ky 10,900 111,393

1

16.

86 .
12.5
0.

96

33

06

A6

N

No. 6
011

(0.980

12.9

86 .48
11.0?
010




A Performance Parameters

The sampling locations used for measurement of
N - the principal parameters listed below arve shown in Fipuid
l. CO» and CO continuously by intfra-rod analveoer al
Stations 1, 2 and 3.
O» continuously by paramagnetic analyzer at
Stations 1, 2 and 3.
3. NO continuously by chemiluminescent analyzer at
Station 3.
4. Gaseous hydrocarbons continuouslv by infra-red
analvzer at Station 3.
. 5. Axial velocity intermittently by hammerhead-

pitot tube at Stations 1 and 2.

: 6. Temperature by high-velocity thermocouple at
Stations 1 and 2 and by stagnation thermocouple

at Station 3.

V.

7. Heat flux intermittentlv by IFRF probe at Stations

1 and 2.

8. Smoke opacity intermittently by Van Braun recorder

at Station 3.

With the exception of heat flux, which was taken
flush with the furnace wall, all measurements at Stations
I and 2 involved probing across the flame diameter using
the traversing mechanism shown in Figure 1. At Station 3
all measurements were taken at the centre of the {lue pas

duet under enssentially plupg-flow conditions.
The two flames sclected for examination werc

detined aerodvnamically by the following rotational flow

characteristics:



(a) Low-Swirl Flame: This is a flame in which the
secondary combustion air is
introduced without any signif-
icant rotational component of

velocity.

(b) High-Swirl Flame: This is a flame in which the
secondary air 1is introduced
with a sipgnificant rotational
component of velocity to produce
a recirculation core downstream

of the burner quarl.

The secondary air vane séttinps for the desired
low- and high-swirl numbers were predetermined by cold
isothermal probing with a 5-hole pitot tube. Under combust-
ion conditions, the ratio of the two isothermal swirl
numbers remains constant for all excess comBustion—air
levels less than 25%.

The calculated swirl numbers for the isothermal
flow field, which is the usual comparison basec, were 0.26
and 0.51 for the low- and high-swirl flames respectively.
It has been reported(z) that an isothermal-swirl nuhber of
0.6 is the level above which a recirculation core exists
for cylindrical quarls. 1In the case of an expanding conical
quarl of the type used in these experiments, the recircula-

tion core occurs at lower swirl numbers.

Flame Appearance

_ Fach fuel was burnt under the two swirl conditions
described above at nominal excess-air levels of 5%, 15% and

257 . The deviation from the nominal oxypen content in the

Flue pases was less than 0.2% in all trials.




The appearances of the low- and high-swirl [lames
were noticeably different and could be recognized casily
bv viewing cach flame along the axis of the tunnel furnace

from the observation port shown in Fipure 3.

The low-swirl flames were long and thin, with
a luminous orange core which darkened progressively as
the excess-air level decreased. They produced only limited
heating of the quarl and exhibited a significant buoyancy
effect during the early stages of flame development. On
the other hand, the high-swirl flames were short and wide
with a transparent conical core surrounded by a bright
vellow annulus. These flames, which heated the gquarl to
over 875°C, were symmetrical even at the lowest excess-
air level when the central core tended to darken slightly
due to a reverse flow of soot and unburnt fuel back to

the plane of the oil nozzle.

In general, the high-swirl flames, having a
hiph degree of internal recirculation, were easily
ignited and highly stable. The low-swirl flames, which
entrain cool flue gas by external recirculation, were
casily ignited but were slightly unstable when flame probes
werce inserted across the quarl exit. It was essential,
therefore, that

a) all flame probes at Station 1 be removed

before taking performance measurements, and

b) traversing at Station 1 be restricted to the
radius between the probe door and the furnace

centre line.

Flame Characteristics

Profiles of velocity, temperature and flue gas
pollutant composition were measured across each of the
various flames at two axial furnace locations. These
measurements were made across a horizontal radius of the

furnace at 7 5 cm intervals at Station 1 and across a




horizontal diameter of the furnace at 15 cm intervals at
Station 2. The measurements at Station 1 were represent-
ative of internal flame conditions whereas measurements
at Station 2 were representative of conditions in the

immediate post-flame gases.
Internal Flame Characteristics

Figures 4 and 5, which are representative of
the total experimental data, show that the internal f[lame
profiles of temperature, velocity and gas composition
follow two distinctive patterns that are primarily
controlled by the swirl number. Fuel quality and the
excess-air level affected the overall distribution patterns

only marzinally.

At the high-swirl condition, all flame velocity
profiles showed the presence of the same flow fields  as
described by the isothermal measurements. The twin peaks
in the temperature, velocity, carbon monoxide and oxygen
profiles were evident and, as expected, the carbon ’
dioxide profile was the reverse of the oxygen profile.
The peaks of velocity and oxygen concentrations were
approximately coincident but the peak carbon monoxide
concentration was located further from the flame axis

than the oxygen peak.

For all fuels, the core of the hiph-swirl [lame
was identified as a region of low temperature, reverse
[low and complete combustion. This region of complete
combustion. which is shown by the CO and 09 profiles,

diminished in size as the excess-air level decreased.

The velocity profiles for No. 2 oil and the SD oil
were ossentially the same but those for the ND oil and
the No. 6 0il showed small differences in that higher
reverse velocities prevailed in the core.  This suppest s
that combustion was still occurring in the core downstream
of Station 1 and that the lowest rate of combustion occurred
with No., 6 oil.




At the low-swirl conditions, the velocity
profiles apain confirmed that the flow field within the
flame was representative of the isothermal measurement -

Axiallv coincident peaks of forward velocity, temperature,
oxvgen and carbon monoxide concentration were generally
present.  However, the usual pattern of peak oxygen and
minimum carbon dioxide concentration did not occur due to
the hiph carbon monoxide concentrations over large regions
ol the flame core. This was particularly noticcable with
No 6 oil where carbon monoxide concentrations over 1%

and oxygen concentrations below 2% extended over 50% of
the furnace diameter. Flames from the other fuels, although
showing the same high levels of carbon monoxide over the
same furnace section, contained zones in which the carbon
monoxide concentration fell below 1% and the oxygen

concentration increased to its maximum level.

Minor peaks were recorded on the shoulders of
the low-swirl velocity profile for No. 6 oil. This is
explained by its low fuel volatility which allows oil
droplets from the edge of the fuel spray to migrate
across the main axial velocity zone before combustion is
initiated. Invariébly, excessive smoke production results
it these burning droplets impinge on cold furnace surfaces.
The other three fuels, with a higher volatility and lower
injection velocity, vapourized completely within the
axial flow region. Therefore, they did not exhibit a

velocity profile anomaly.

Post FFlame Characteristics

Typical temperature, velocitv and concentration
profiles, which were measured immediately downstream of
the flame at Station 2, are shown in Figures 6 and 7. Tt
is evident from these curves that a plug-flow regime
existed at this furnace location regardless of the fuel
burned and the flame conditions. The gas concentration

nrotiles for all fuels were relativelv flat, although



those from the high-swirl flames showed traces. of air
leakage along the measuring slot in the furnace wall.
Corbustion is essentially complete at this downstream
location, although low concentrations of carbon monoxide
persisted at the 15% excess-air level for the low-swirl,
No. 6 oil flame and at the 5% excess-air level for all of
the other flames.

The temperature profiles show that the low-swirl
flames consistently produced hotter, morce uniform post-
flame gases than the high-swirl flames. This is consistent

with observations of visible radiation from the flames.

The-axial distribution of heat transfer from
the flames was calculated from measurements of the coolant
flow and temperature rise in each of the 15 cm calorimetric
sections of the tunnel furnace. Typical results are
illustrated in Figure 8 where the total heat flux to each
calorimetric section was normalized with respect to the
maximum heat-flux measurement. By using the peak heat-
flux measurement from No. 6 oil as unity, the heat-transfer

characteristics for all fuels can be easily compared.

With all of the high-swirl flames, a well-defined
peak heat-transfer rate was measured about 30 cm downstrcam
of the burner in a zone where maximum gas velocities and
maximum COo concentrations occurred close to the furnace
wall. ThereforeL this heat transfer peak can be attributed
to the combined effects of both convection and radiation

in the carlv stages of the high-swirl [lames.

[n the case of the low-swirl flames, the peak
transfer rates were significantly lower than for the hioh-
swirl flames.  Excent for No. 6 oil., this peak occurred
about 60 ¢m downstream of the burner quarvl, indicat in;‘-_ '.'1

renceral decerease in combustion rates with swirl intensity.




Fipure 9. which is rvepresentative of all the
tuels, shows that the high-swirl flames produced a higher
heat-transfcer rate than the low-swirl flames in the [irst
L5C vm of the furnace. Beyond this position the pattern
wias reversed with the heat transfer from the low-swirl
Flames exceeding that from the hiph-swirl flames. The
temperature profiles at Station 2 confirmed that the
heat transfer from the low-swirl flame had been reduced

during the early stages of combustion.

The total heat transfer to the tunnel furnace
wias calculated from the combustion products, flue gas
temperature and mass flow rate, as shown in Table 2.

'he heat transfer to the furnace increased with decreas-
inp excess-air level and was consistently higher for the
niph-swirl flames than for the low-swirl flames. For

anv given flame condition, the total heat-transfer rates
from the No. 2 0il, SD o0il and ND o0il were essentially
constant while those from No. 6 0il were generally

lower by about 57 at high excess-air levels. This effect
wis clearly due to the higher C:H ratio of the No. 6 oil
demanding a larger mass of air to achieve any specific

exceess-oxvpen level,

The local heat-transfer rates, as measured at
Stations 1 and 2 with the IFRF heat flux probe, emphasize
the difference between low- and high-swirl flames. At
Sstation 1 the low-swirl flames gave heat transfer rates
that were consistently 507 less than those shown by the
high-swirl {lames, whereas at Station 2 this trend was
reversed as shown in Table 3. The calorimetric heat
transfer rates, illustrated in Figure 8 , were confirmed

bv this alternative series of measurements .
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TABLE 2

Total Heat Transfer in the Tunnel Furnace

Degree Nominal Heat Transfer to
of Excess-Air Tunnel Furnace
FFuel Swirl Level, 9 as % of Input
5 71.2
Low 15 70.0
25 67.7
No.. 2 0til
' 5 78.3
High 15 76.0
25 73.2
5 73.8
Low 15 71.8
25 68.5
SD 0il
, 5 76.9
. 15 75.0
High 25 741
5 72.8
Low 15 70.7
25 68.5
ND Oil RIS Sk —
5 76.1
High 15 75.1
29 73.3
"5 1.1
Low L5 67.6
25 63,6
NoL 6 0l T R A
5 75.9
. 15 73.1
High 25 75.5
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TABLE

Heat Transfer Rates

(Measured with the IFRF Heat Flux Probe)

[
Dogree Nominal Heat Flux W/m-
of Fxcess-Air
Fuet Swirl Level % Station 1 Station 2
5 44,200 30,000
Low 15 41,000 33,100
25 42,600 26,800
No. 2 0il
5 61,500 15,800
High 15 15,000
25 52,100 15, 800
5 25,200 33,100
Low 15 34,700 31,600
25 33,100
SD 0itl
5 52,100 23,700
High 15 61,500 25,200
25 48,900 20,500
5 33,100 41,000
Low 15 30,000 36,300
25 28,400 34,800
ND 0il
5 47,300 25,200
High 15 56,800 25,200
25 80,400 33,100
5
Low 15 48,900 36,300
25 53,600 37,900
No. 6 01l
5 42,600 28,400
High 15 62,400 15,800
25 64,700
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Combustion Efficiency

Solids Loading

The solids loading in the gas steam was measured
using a sampling methodology developed at CCRL. The solids
loadinys, given in Table 4, show that all fuels except
No. 6 oil can be burnt at both swirl conditions with
medium and high excess-air levels withoul exceeding a
solids loading of 0.01 mp/m*. This solids loading was
exceeded only with No. 6 oil at all excess-air levels and
both swirl concfitiohs, and with ND oil at the low excess-air,

low-swirl condition.
Carbon Monoxide

The carbon monoxide concentrations in the exhaust
gases, niVen in Table‘a, were below 1000 ppm (0.1%) in all
cases. All fuels showed an increase in carbon monoxide as
the excess-air level was decreased. The low-swirl flames
generally produced more carbon monoxide than the high-
swirl flames, although‘this difference became less marked
as the cxcess-air level increased. The ratio of carbon
monoxide from the low-swirl flame to that from thovhigh-
swirl flame had average values for all the fuels of 9.9,
3.6 and 1.4 at excess-air levels of 5%, 15% and 25%

respectively.
sascous Hydrocarbons

None of the flames produced sipnificant quantities
of paseous hydrocarbons. On one occasion a concentration
of 5 ppm was detected but generally only trace quantitics

(1 ppm) were recorded.
fﬂ]u]}ﬁfiv(}l)fl(ii_f:{

smoke opacity was measured by a Bacharach smole
meter which pives an indication of changes in smoke opaciry
at Rinpelman numbers below 1. Thé Bacharach seale registors
Lrom 0 to 9 with the maximum value of 9 being approximately

equivalent to a Ringelman number of unity




TABLE &

Combustion Performance Data

!
E Fuel Nominal Flue
| Pre- |[Thermal | Degree | Excess Cas Analysis Gas Bacharach|Parci-
tFuel Heat Input of Air . Exit Smoke culate
0il Temp MJ/sec Flame | Level 02 CO2 co NO CX“Y 502 Temp Number Loading
°C or M4 Swirl % % % ppm  ppm ppm ppm °C pp/Nm’
: 5 1.1 14.0 37- 32 0 111 615 4 2.3
No. 2 21 0.525 Low 15 3.1 13.8 31 39 0 104 593 4 4.6
25 5.2 12.7 24 52 1 95 593 1 2.3
5 1.2 15.0 110 49 0 112 477 9 4.6
High -] 15 3.1 13.6 44 59 0 106 488 2 9.1
5 25 5.0 12.6 l6 39 0 98 504 1 4.6
‘ 5 1.2 14.3 300 52 5 95 596 9 6.9
SD 21 0.545 Low 15 2.9 13.8 80 76 0 86 594 4 4.6
25 5.0 2.4 29 101 1 83 616 5 4.6
f 5 1.0 15.1 26 125 0 91 532 1 6.9
| High 15 3.0 13.8 12 94 0 88 535 0 4.6
' 25 51 12.0 17 107 O 82 ! 299 0 2.3
| 5 1.0 14.8 812 48 0 505 | 609 7 13.7
i ND 38 0.548 Low 15 2.9 13.4 34 73 1 466 611 3 4.6
. 25 4.9 11.0 15 82 0 456 618 0 2.34J
| 5 1.0 14.8 30 97 0 491 543 4 2.3
High 15 3.0 13.4 14 101 0 414 528 C 4.6
25 5.1 12.6 13 100 0 444 527 0 2.3
5 1.1 15.¢6 340 137 0 1161 53 7 32.0
No. 6| 105 0.521 Low 15 2.9 13.8 322 138 0 1276 £LG ] 13.7
25 5.0 12.6 149 173 1 1195 20 5 22 .¢@
3 5 1.2 42¢ 175 0 1354 518 9 243
1 High 15 3.0 13.8 68 240 0 1223 327 0 1s.7
i 25 5.5 12.2 67 279 0 118%& 383 G 1.3
l




TABLE 5

Nitric Oxide Fmissions

Degree Nominal Nitric Oxide Emissions
of Excess-Air
Fuel Swirl Level, % o /ky Fuel
5 0.51
Low 15 0 68
25 0.98
No. 2 0il
5 0.74
High 5 1.03
25 0.78
5 0.85
Low 15 1.35
25 1.95
SD 0il -
' 5 2.04
High 15 L.6e7
25 2.06
5 0.79
Low 15 1.130
25 1.58
ND Oil T S e e s e
5 .59
High 15 1.79
25 1.93
5 1.76
Low 15 2.34
25 2,37
wo. 6 011 ; T -
High 15 4.1
25 .36
S [ - R




Decreases in smoke opacity occurred with (a)
increases in excess-air, (b) increases in swirl number
and (o) improvement in fucel qualitv. As could be
expected, the highest Bacharach smoke number. which was
below a No. 9 at all times, was obtained with the low-

swirl No. 6 o0il flame at the lowest excess-air level.

ﬁigyjc Oxide Emissions

IF'rom Table 5 it is evident that the levels of
nitrie oxide emissions from all four fuel o0ils were
primarilv controlled by the nitrogen content of the fuel

and the degree of flame swirl.

Tvpically, the lowest NO emissions were associated
with the low-swirl flames, the lowest nitrogen fuels, the
lowest excess-air level and the highest CO emissions.

With the high-swirl flames, decreases in NO emissions
occurred with decreases in excess-air for only the ND

oil and No. 6 oil.

Sulphur Dioxide Emissions

The sulphur dioxide concentrations in the fluec
pases reflect the sulphur contents of the fuels and the

cexcess-alr levels as shown in Table 4.

APPRAISAL OF LIQUID ALTERNATIVES

1. Both the synthetic and the natural crude oil deriva-
tives are acceptable substitutes for No. 2 oil, when
evaluated with respect to combustion efficiency,
furnace heat-transfer rates and pollutant cmissions.
These characteristics were essentially constant for
all three fuels at any given burner swirl and excess-
combustion-air condition. The synthetic derivative
can be burned without preheat, but the natural
derivative with a pour point of 27°C required pre-
heating to 38°C for good pumpability and atomization

using conventional No. 2 oil equipment




N

[

A

Under low-swirl conditions the No. 6 oil, because

of its high C:H ratio and low volatility, yielded

hipgher furnace heat-transfer rates but slightly

lower combustion efficiencies than the three higher
cunality fuels. However, under hiph-swirl conditions,
the heat-transfer rates and combustion cfficiencies

were the same [for all four fuels.

In cascs where No. 2 and No. 6 oil are already used
on an interchangeable basis, then c¢ither the synthetice
or the natural crude 0il derivative will be equally

satisfactory substitutes.

Swirl intensity was effective in controlling flame
stability and flame geometry. The high-swirl number
produced short wide flames having high heat-transfer
rates close to the burner, whereas the low-swirl
number produced long thin flames having appreciably
lower heat-transfer rates close to the burner. In
yeneral, the combustion efficiency of a flame can be

improved by increasing the swirl number, but it is

important to note that over-swirling can cause f{lame

impingement on furnace walls with a subsequent

deterioration in the degree of burn-out.
With all fuels, NO emissions were decrcascd by
decreases in (a)  fuel nitrogen, (b) swirl intensity

and (¢) excess-combustion-air loevels.




COLLOIDAL ALTERNATIVES TO CONVENTIONAL LIQUID FUELS

N4
(3.4.5) to use of

Despite the several references
coal-in-oil suspensions dating back to the early part of
this centurv, there is little gquantitative information on
the combustion performance of these fucels.  Typical of
the cavly reports on the use of "colloidal Tuel" is one
desceribing experiments on board the uss va(b) where
“stimulated by the inventiveness of war it (colloidal fuel)
......... wis 80 successful that the Gem was worked from
April to Julv 1918 solely on this fuel with results
satisfactory in everv respmect'". This recommendation is
enthusiastic but scanning of eye-witness reports shows
that the operating time during the test period was
accumulated in short bursts of approximately one hour
duration,during which time no effective boiler measure-
ments could be made. In addition, the completeness of
combustion and the control of stack emissions were not

mat ters of significant concern.

Presently, coal-in-oil fuels are attracting
considerable attention because a continuing shortfall of
industrial fuel oil is anticipated and it is essential
that a suitable substitute be available for use in conven-
tional oil-fired equipment. Accordingly, the main

objectives of this study were:

1. To clarify the major parameters that affect the

physico-chemical properties of coal-in-oil suspensions.

To evaluate the combustion and pollution characteristics

of selected coal-in-0il blends.

3. To assess the suitability of commercially available
hardware for preparing, handling and burning coal-in-

oil fuels.




tlandling of Coal-in-0il-Suspensions

The mixtures most commonly used in vrevious
cxperiment s contained 357-45% by weight of cnal It has
been observed that the apparent viscosity of colloidal
fuel increases sharply with increased solids concentrat-

(7

the size distribution of the coal but for normal pulverized-

fon Figure 10 shows that this will be dependent on
coal size distributions il appears that a 497 coal

concentration is the maximum acceptable level

Fxtensive experiments conducted by the Rescarch
Council of Albcrta(8) show that up to 72% cbnl (wt/wt) aim
he added to 0il and still give a pumpable {luid. They
also noted that particle attrition occurs rapidly in the
handling of the suspension to give an equilibrium size
distribution. This attrition was thought to occur in the
pumps since samples taken diametrically across a pipeline
showed a preferential increase in the solids loading within
the central core leaving the outer annulus depleted in

solids.

The Alberta pipelining experiments demonstrated
that slurry viscosities calculated by the Poiseulle ‘
cquation were all lower than laboratory data obtained with
a Brookficld viscometer. The pipeline experiments also
showed 1hat colloidal Fuels hehaved as Newtonian fluids
bolow 507 (wt/wt) rather than below 107 (ut /vty as indicated
by vincosity studies. This was attributed to the distri-
bution of solids across the pipeline diamcter which

elffectivelv reduced flow resistance.

The Stabitity of Coal-in-0il Suspensions

The oleophilic nature of the coal pairticles
altects the tong-term stability of conl-in-oil suspensions
Povticles without surface polar proups reject contact with
the oib (npoor "wettability™) and settle auick by civine o

hard sedivent that is difficult to re-entrain Cote and
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hiphlv-oxidized coals fall into this category. The
absence ol polar proups can, to some extent, be offset by
the addition of small amounts (27 by weight) of polar
licuids such as water, tannic acid or varsol to the coal;
highlv stable suspensions can also be obtained with
commercial dispersants. The amounts of polar liquids and
dispersants required for satisfactory stability can only

bhe determined by experiment.

Lignitic coals are usuallv casy to blend and
stabilize in oil because their cellulosic constitutents

are olceophilic.

Coal-in-01l Combustion Experiments

Coal Quality and Preparation

The coals used in the preliminarv combustion
trials were a western Canadian lignite known as Bienfait and rejects
of an eastern Canadian bituminous coal known as Dominion. Because the
bituminous coal was a washery reject it contained more than
60% inert fusinite and semi-fusinite, both of which pro-

foundly restricted ignition and combustion.
TABLE 6

Proximate Analyses of the Coal Components
of the Coal-in-0il Fuels

Bienfait Dominion
Moisture 7, 21 1
Ash A 35 .9
Volatile Matter e 32 25
Fixed Carbon A 38 64
Sulphur 7, 0.5 1
Gross Calorific Value kJ/kg 19,790 32,590




The size distributions of the pulverized coals
are shown in Table 2; these coals were subsequently usecd

in the preparation of the fuels for the combustion trials.

TADLE 7

S3ize Distributions of the Coal Components

of the Coal~-in-0il Fuels

Screen Fraction | Bienfait Lignite Dominion Bituminous
Grind A | Crind B | Crind C
plus 60 0.63 0.59 2.11 2.85
60 to 100 0.54 0.53 11.29 21.27
109 to 140 0.63 0.89 8.35 14.55
140 to 200 1.21 3.81 6.85 11.03
200 to 325 ‘ 12.04 15.49 11.92 14.78
minus 325 84.95 78.68 59.48 35.52

The pross calorific values of the coal-in-oil fucls WO

Bienfait Coal-in-0il 37,250 KkJ/kg

Dominion Coal-in-0il 40,740 KkJ/kg

Coal-in-0il Stability

A weries of static sedimentation tests wore
done on rhe Dominion coal in No. 2 oil (33% coal bv weipht) .
Typical results are shown in Figure 11 wheore the influonce
of the tarcr size particles on the rate of settling is
clearly demonstrated.  In view of t(hosc setrling charactor-
Pniies, coal Grind "C" was eliminated from (he combust ion
caperiments and it was decided to provide cont inuons
sCibrring and circulation of all coal-in-oil S lends vather

Pheey Lo e o stabilizcing asent Lo minimize iucl separation in o he




storage tank.  Experimental tests were limited to fowr hours by the

capacity of the laboratory bulk-storage tank.

The Fuel-Supply System

The fuel-handling system, illustrated in Figure
17, was designed to operate at a minimum flow velocity of
4% cm/s with the coal-in-o0il mix being civculated around
the closed-loop system by a Movno positive-displacement
pump . The pressure drop in the flow line to the burner
was approximately 15 em water column per 100 m of line.
Tnis compares with values of 3.2 cm watcer colum per 100 m of line

(7)

reported bv Berkowitz and the difference is attributed
to the different coal sizes. No major change in this
pressure drop was observed during any of the combustion

experiments.

The Coal-in-0il Burner

The burner used in the combustion studies was
a low-pressure atomizing. type that is illustrated in
Figure 13. In this system, the primary air is divided by
movement of the axially adjustable cone into an inner and an
outer alr stream. The inner air stream passes around the
il nozzle and aspirates the fuel to produce the primary
air-fuel mixture. The oil nozzle is illustrated in
Figure 14. The primary air-fuel mixture combines with
the outer air stream in the mouth of the fixed cone,
Fipure 13, where the turbulence generated by the two
hivh-velocity flows breaks up any large liquid fuel
droplers that have persisted and generates a homogeneous
scecondary air-fuel mixture. This mixture ignites within
a refractorv cone downstream of the burner and the flame
front stabilizes within this cone. Provision was made
for the injection of secondary air and/or recirculated
combustion products just past the conical refractory

flame holder.
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The coal-in-0il burner and refractory quarl
were mounted on a 45 cm diam x 60 cm long refractory-
lined combustion chamber at the front end of the tunnel

furnace.

Gas and Particulate Sampling and Analyses

Particulate matter was sampled bv the system
developed at CCRL. A stainless steel probe was inscrted
into the gas stream to withdraw a sample at isokinetic
conditions through a ¢yclone separator and [ilter comb-
ination for subsequent determinations of the solids burden

and the degree of coal burn-out.

Samples were taken from the centre of the flue
duct 1 m downstream from the particulate sampling point
and continuously analyzed for carbon dioxide (C02), carbon
monoxide (CO), oxygen -(02), nitric oxide (NO), nitrogen
dioxide (NOp) and sulphur dioxide (S02). Sulphur trioxide
(S04) measurements were taken intermittently at the same

location.

Experimental Data

The velocity profiles measured at the exit plance
of the burner indicated that the flow had a dominant axial
velocity component. The radial velocity components reflect
the c¢ffect of the oil nozzle which diverts flow from its
axial path. The tangential component of velocity was
approximately symmetrical about the cenrre line of the
burncer and showed the presence of some rotation in the
[low pattern. The proximity of the pcaks of tangential
velocity to the burner axis indicated that the tanpential
momentum was small in relation to the axial momentum,
this was Turther illustrated by the calculated value ot
the swirl ﬁumbor, 0.L. This implies that the burner will
not pencerate a substantial coentral reciveulation core in
a tlame.  Purther investigation with a small hnmmor~thd

nitol rovealed the existence of a small bluft bodv




vecirceulation vortex in

novale.  This vortex did not extend

existence of any
however, that all the velocity components periodically

existence ol massive
existence of these eddies undoubtedly contributed to the

the immediate wake of the oil

motre than 3 cm down-

stream from the nozzle,

Velocity profiles measured across the mouth of

the refractorv pre-combustion chamber did not show the

recirculation zone. [t was noticed,

fluctuated by as much as 507%. This was attributed to the

eddies in the flow systems. The

air-fuel mixing in the flame and to increased turbulence

and micro-mixing.

The appearance of the coal-in-o0il flame differed

a No. 2 oil flame in the downstream regions;
The bituminous

from that of
the lenpth of the visible flame increased.
coal-in-o0il generated a post-flame gas with a significant
carry-over of burning particulate material which was not

observed with the lignitic coal-in-oil In both cases

the fuel could be switched between coal-in-oil and oil

without any loss of ignition or noticeable change in
flame stability.

The experimental conditions and primary results
from the combustion experiments are shown in Table 8.
These results show that good burn-out of the lienite
wis achieved without modification to the bhurner system.
e deeree of Inam-out (291%) at both excess-air levels was considered
satistctory Tor an unoptimised lignite flame althouph a bum-out of
97 can be achiioved with the same coal when mulverized and fired in a
nilot scale boiler.
bituninous coal reject was unsatisfactory (-567%) despite the wide

The results show that the coem-out ol the

variation in combustion conditions.



TABL

Summary of Combustion Trials

£

8

Identified by Coal Component

Coal Component

Bienfait

Dominion

Lignite Bituminous
Test No. 1 2 3 4 5 6 7 | 8
Coal Crind A A A B B B
Firing Rate:Kg/hr [68.1 68.1 [45.4 |45.4 [59.0057.3 150961 8
Lo O (U
Proportioning of
Aixr Supply
Primary 0.38 0.35 1 0.7 0.6{0.771 0.310.7
Secondary 0.62 0.65 0 0.3 0.1(0.231 0.3;0.2
kecirculated
I'lue Gas 0.0 0.0 0 0.0 0.3(0.0 0.410.1
Flue Gas Analyses
O0r vol % 4.6 2.5 5.0 (2.5 2.0 5.011.25(5.0
C82vol‘Z 12.3 14.4 112.5 [13.5 |14.4112.5{14.8{13.0
CO wvol % 0.0 0.0 {0.05{0.25 0.0(0.05] 0.0[0.058
Lxtent of Fuel
Burn Out
Total Fuel 0.99 0.96 [0.75 [ 0.70 |0.78[0.8210.63{0.80
01l Component | 1 1 1 1 1 1 1
Coal Component|{ 0.98 0.91 {0.30 {0.142 ]10.39 5610.1210.44
Trace Gas Analyses
NO O ppm 66 61 114 78 93 75 99 a9
S0 ppm 171 180 153 180 L7 186 2251 159
‘L;“f’. npm g 34 - 3 2 I { N
Fluvvﬁnﬁ Dust S ‘. - 1
Laading ‘
me/Nm 103 96 77 4101 b6l Y10

470

5731
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Petrographic examinations revealed that the
hituminous coal consisted largely (-60%) of fusinite
and semi-fusinite which are non-reactive, low-voelatilce
hiph-densitv materials. These maceral components were
found to persist in an essentiallv unrcacted form in the
particulate samples taken downstream in the post-flame

yalses,
APPRAISAL OF COLIOTDAL ALTERNATTVES

Experience to date indicates clearly that coal-
in-oil an acceptable substitute fuel provided that two
conditions are met. The firstis that an optimum size
distribution of the coal should be established for the stability
of the suspension, pumpability and satisfactory burn-
out at excess-air levels below 10%. The sccond 1is that
a Himit should be established for the fusinite, semi-fusinite

and oxidized macerals in the coal.

The unsatisfactory burn-out of the bituminous
coial reject in these experiments has been attributed to
its maceral structure. It is recommended that petrographic
examinations be a routine step in laboratory procedures for selectin:
coils to ensure that a satisfactory {lame and pood burm-out of the

7

coal cin be achieved with a 33% coal-in-oil slurry.
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