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ABSTRACT

This paper reviews the coal combustion activities currently being
carried out at the Canadian Combustion Research Laboratory (CCRL) as paxrt of
"the Energy Research Program administered by the Canada Centre for Mineral and
Energy Technology (CANMET) on behalf of the Department of Energy, Mines and
Resources Canada. These activities'encompass a wide range of research,
development and demonstration-scale projects, with major e@phasis on
techniques to opéimize the burning of Canadian coals under environmentally
acceptable conditions.

Brief descriptions are given of projects related to improved
utilization of. coal in conventional pulverized-fired boilers and kilns, the
use of coal-o0il mixtures as a substitute fuel in equipment designed for oil

firing; and efforts to accelerate the application of fluidized-bed combustion

systems for low-grade coal.
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1.0 INTRODUCTLON

Current coal combustion activities at the Canadian Combustion
Research Laboratory (CCRL) reflect the increasiﬁgly important contribution
that coal is expected to make in meeting our future energy requirements and
in reducing our dependence on foreign oil. Canadian thermal coal broduction,
which increased from about 1.0 x 107 t in 1974 to about 1.8 x 107 t in 1978,
will likely reach 5.6 to 6.0 x 107 t by 1990. This escalatiné demand’ for
coal Qill, howcver; be heavily dependent on the ability of conventional and
emerging combustion systems to cope with disruptive conflicts caused by
variations in fuel quality, on requirements for better equipment availability -’
and on the implementation of progressively more stringent'environmental
constraints. )

The Department of Energy, Mines and Resources ié optimistic that
these problems can be resolved and has embarked on a systematic sequence of
R, D and D initiatives to stimulate the ﬁﬁ&lization and competitiveness of
thermal coal in both domestic and export markets. Technolozy support for
these.initiatiﬁes is provided by CCRL, a constituent laboratory of the
Canada Centre for Mineral and Energy Technology (CANMET), through a number of
complementary.in—h0use projects and external contracts, éonsidered to have
short— to intermediate-term benefits to industry and society.

Man& of these in-house projects, particularly those on pulverized-
coal and fluidizeq—bed combustion are funded in part by industry. ' The
external contracts are either fully funded (100% gov;rnment funding) ox
jointly funded (50% go&ernment - 50% project proposer).

External contracts and shared—-cost projects are an important
adjunct to the CCRL in-house effort on coal combustion because research data
can be more effectively t%ansfcrred to industry and because the commercial-

ization of novel combustion systems can be accelerated significantly.



3.0

3.1

ACTIVITY OBJECTIVES

Overall objectives of the CCRL coal combustion activities are:

To develop new or improved techniqﬁes for efficiently utilizing
pulverized coal as a substitute for oil in industrial processes.

To delineate and optimize the combustion performance of low—grade
coals frOm new mines in pglverized—fired power utility boilers.

To promote the development, and where feasible, the implementation
of coal-oil mixtures (COM) as a partial substitute for oil in
existing oil-fired equipment.

To accelerafe the commercialization of new technology for burning
low~grade~and reject coals which cannot presently ;e used as
industrial fuels.

To keep abreast of domestic and foreign coal combustion developments,
and where appropriate, to participate in joint R D and D projects
relevant to Canadian needs. . |

OVERVIEW OF COAL COMBUSTION ACTIVITIES

Pulverized Coal as a Substitute for 0il in Industry

The conversion of industrial furnaces and kilns from oil to

pulverized coal requires that flame and heat transfer properties for a wide

range of thermal coals be clearly defined with respect to No. 6 fuel oil.

This knowledge base is intended to assist equipment designers, industrial

users and coal suppliers to assess the suitability of specific coals for

various process.applications.

3.1.1

Flame Research Furnace

Most of the work on the characterization of flame properties during

. the combustion of pulverized coal, is carried out-in a 1 m diam x 4.25 m long,

L]

cylindrical tunnel furnace shown in Figure 1. This unique furnace, which

consists of 28 parallel-connccted, heat-absorbing sections, is a very

versatile rescarch facility for paramcteric studies of:



a) flame aerodynamics

b)  burner mixing efficienéy

+ c) flame radiation
d) pollutant formation in flames
e) coal reactivity and

£) axial heat flux distributipn.

The thermal load to the furnace can be varied by either changing
the coolant flow in each circuit, partially lining. the inside circumference

of each calorimeter with refractory or combining the two methods for

controlling heat absorption.

Flame shape and length can be altered to duplicate process require-
ments by means of a special combustion air mixing device designed by the
International Flame Research Foundation (IFRF) in Holland. This device
alters the degree of swirl of rotatiomal flow of air around the central coal

te

pipe. Be definition a low— or no-swirl flame is one in which the combustion

air leaves the secondary air annulus without a significant rotational component
g

of vélocity, whereas a high-swirl flame is one which the cembustion air
leaves the secondary air annulus with a significant rotational component of
velocity. The shapes of typical low- and high-swirl flames are shown in
Figure 2. The chief difference is the presence of a reverse flow -field in
the central core of high-swirl flames; as ' the degree of swirl increases,
flameé lengths tend to decrease and flame diameters tend toAincrease.
Quantitatively, the swirl number S is the ratio of the torque to the thrust

of the input air flow and can be calculated from the velocity profile using

the relationship



determine

1.

-t -

S = axial flux of angular momentum
R [axial flux of -axial momentum]

jar Vo Vt . 27Tpr2 . dr
o p

T 2 r L)
Rfo V2 .. 2mpr . dr +J; P.2wrdr

where r = radial distance
Vy = axial velocity component )
Ve = tangential velocity component
p . density
? = static pressure, and )
R = characteristic burner dimension

Two recent'studies with this furnace involved studies to

the feasibility of:

Substituting beneficiated anthracité fines for low-Btu gas in a
rotary dryer for coking coal. It was found that the heavy media
used for beneficiation transformed the normally high-fusion coal
ash into a highly liquid slag and that stable combustion required
at least 20% low-Btu gas as a support fuel. Figure 3 shows the
effect of gas support on carbon burn-out and the effect of the
heavy media on ash melting.

Utilizing a bituminous coal of unknown burning characteristics as
a.replécement for No. 6 fuel oil in cement.kilns. These trials
established that flame temperature and heat transfer rates for
this coal, shown in Figure 4 were comparable to No. 6 fuel oil.
Therefore, there would appear to be no thermodynamic barriers to

interfuel substitution. Emission levels due to fly ash would be

higher than for oil, but this would not normally be a problem in



processes such as calcining, cement making and coal drying where
dust collectors are required regardless of the fuel burned.

302 Expanded Use of Coal in Utility Boilers

3.2.1 Pilot-scale Research Boiler

The pilot-scale research boiler, shown in Figure 5 has been heavily
utilized by the power utility industry, boiler manufacturers and coal producers
since its commissioning in 1963. The furnace chamber operates at pressures
of up to 25 cm and at the design firing rate of 100 kg of bituminous coal or
200 kg of lignite per hour, the boiler generates 730 kg steam per hour at
6.8 atmospheres. In addition to normal ancillary equipmentiéuch as a coal
bunker, forced draff fan and an air preheater,the facility incorporates a

pulverizer with an infinitely variable classifier, a coal dryer capable of

. reducing fuel moisture from 50% to 1%, a simulated superheater for

fouling and corrosion evaluations and an experimental, 3-stage precipitator
for studies of fiy ésh abatement. -

This pilot-scale boiler, which can be controlled to closely
duplicate full-scale combustion conditions; is an extremely valuable research
tool because experimental procedures can be easily and rapidly modified to
suit special requirements. Another advantage of pilot-scale burns is that
definitive trends can be obtained from relatively small coal saﬁples at
reasonable cost. .

During the past few years, emphasis has been placed on éxpanding
the resource base for.Canadian thermal coal by evaluating the grinding,
combustion, slagging, fouling and emission characteristics of coals and coal
blends that have not previously been burmed in large steam generators. The

wide scope and potential application of these evaluations is illustrated by

the following five examples:



Inprovements in the Bufning properties of a high-clay, sub~bituminou$
coal due to upgrading. These studies demonstrated that reducing the
ash content of the raw coal from Sé% to 187% by water washing
significantly decreased both the carbon carry-over and thc~fly ash
loading of the flue gases as shown in Figure 6. Beneficiation did
not, however, alter the degrece of transformation during combustion
of the clayey ash to mullite, a very hard mineral that could cause
severe abrasion to convection tubes;nor did it alter fly ash
resistivity wvalues.

Reduction of sulphur oxide emissions from lignite ?y lime addition.
Typically, cations in lignite ash can neutralize up to 307 of the
fuel sulphur and enhanced sulphur neutralization can often be
achieved by lime additions. to the pulverizer. Sulphur retention

at 5% excéss oxygen was found to increase from 522 for the raw coal
to 477 when 17 by weight of limg’was added to the fuel supply.

This level of neutralization corresponded to 257 lime utilization
by gas-phase sulphur and indicated that S02 emissions from this
lignite®can be virtually eliminated by a 2% by we;ght lime addition
to the lignite.

Control of NOy emissions from lignite by low-excess combustion air
and -externally recirculated flue gas. Decreasing e#cess oxygen

levels in flue gas from 15% to 5% produced a 50% reduction in NOx

. emissions and increasing recirculation ratios from 0 to 0.2 at 17

excess air produced a further 157 reduction in KOy. Recirculation
ratios above 15Z, however, increased flame length noticeably and

increased carbon carry-over in the flue gas to unacceptable. levels

as shown in Figure 7.



4. Assessment of flue gas conditioning agents to improve the precipit-

ability of fly ash from low—sulphu? coals. Trials during which
.- selected aqueous and gaseous additives were injected into the boiler
breeching downstream of the airheater identified triethyla&ine as
i a superior conditioning agent for reducing fly ash resistivity.

Results of some of these trials are shown in Figure 8.

5. Blending of high ash-fusion, low reactivity bituminous coql.With
low ash-fusion, high reactivity lignite to enhance average
combustion performance and boiler availagility. In one series of
trials, a highly-oxidized bituminous coal was blended with 607
high-sodium lignite on a calorific basis, to produce a boiler fuel

having excellent burning properties with no slagging or fouling

tendencies.
3.3 Coal-o0il Mixture Combustion
3.3.1 Background *

In 1971, CCRL conducted a series of évaluations on the preparation,
handling and combustion charagteristics of several coal-oil mixtures (COM)
in the calorimetric furnace. However, at a joint industry-government seminar
on COM combuétion the following year, it was clear that application of the
technology was premature because of adverse economics. Further COM work was
therefore deferred until 1977, when speciél emphasis was placed on programs
to substitute coal for oil, particularly in the Atlantic provinces.

A ‘recent study has shown that five and one quarter million barrels of

« 01l can be saved annu;lly by converting eleven oil-fired utility boilers

located in the maritimes to 507 COM. These boilers,with a total generating
capacity of 1865 MW(e),have been identified as having a high enough utilization

, factor to justify the capital cost of conversion. In western and central



Canada COM fuels are not as attractive as in the maritimes becausce there
are sufficient other means of generation (nuclear, hydro-electric, natural

gas or coal) . to ensure that existing oil-fired stations are kept on

minimum load.
COM may also be a viable §hort— to medium—-term fuel alternative for
many industrial oil~fired boilers, particularly in parts of Ontario and Quebec that
depend on supplies of imported oil.
At pfcsent three demonstration and three R & D projects rélated.to
COM are underway. All are jointly funded with industry on a shared-cost basis.

3.3.2 COM Demonstrations

3.3.2.1 Utility Boiler Trials

This project has been under way since October 1977 and at the
moment is the major demonstration project in Canada for the application of
" coal-oil mixtures in utility boilers. The 10 MW(e) Unit No. 1 at Chatham

Thermal Generating Station was chosen becduse (a) of its small size,(b) it

is not required to supply power to the grid,and (c¢) it has the operational
flexibility required for the COM evaluationt. During Phase I of the program
c0nd;cted in early 1978, 10% to 157 wgight of a typical

pulverized coal (75% through 200-mesh) was blended with No. 6 fuel oil and
fed to the burner. In this phase it was established that pump and nozzle
erosion presented major problemg due to the abrasiveness of the ash in the
Minto coal which averéged about 20%.

The Phase II combuséion trials,which were conducted over a 650 h
period between Januufy and April 1979, incorporated the National Rescarch
Council of Canada spherical agglomeration process to beneficiate the coal
prior to producing the COM. Sever;l 0il burner nozzles were also evaluated

to asscss their resistance to abrasion.
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Phase III, now under'Qay, will include as a major objecctive an
evaluation of the agplomeration process in the production of a COM containing
AQZ coal. The role of water-in-oil emulsion.will also be assessed to |
determine if the amount of light o0il required to form the agglomeracés can be

reduced.

The combined COM beneficiétion and preparation system shown in
Figure 9 was operational in December 1979 and over 1000 h of boiler
operation are scheduled for the first four months of 1980.

To supplement the work at Chatham, the Canadian Electrical Associ-
ation,through a contract with Montreal Engineering Company,identified the
100 MW(e) No. 1 Unit at NBEPC's Dalhousie Generating‘Statiog as a suitable

larger—-scale candidate for conversion from residual . oil to COM. Although

originally designed for oil firing, Unit No. 1 has a slightly larger furnace

- volume and a wider boiler tube spacing than is typical for oil firing. The

proposed demonstration at Dalhousie would dnclude the spherical agglomeration
process to reduce the ash and consequently minimize the erosion and wear
problems.

3.3.3.2 Blast Farnace

Phase I of this joint project with'Stelco, which was entitled
“Development of Coal-oil Slurry Fuels for Blast Furnaces Injection', began
in 1978 and combustion trials in a simulated tuyére were completed in 1979.
Activity on this project was sub-divided into four elements as described

below:

1. COM handling. The objectives of this clement were to define the
most suitable pumping equipment and the transmission pressure drop
characteristics of a series of coal-in—-oil mixturcs. The data
gencrated was used to design the fuel system for the combuétion

experiments.
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2. Combustion trials witB‘COM. An experimental unit comprising a
fdel handling system of capacity 15-120 Igph, a system fo preheat
air up to 980°C and a combustor, w%s designed and built for the
program. The combustor consisted of a single tuyérc injecfion into
a 3mx 1m furnace with provision for flame mcasurement at ten
locations downstream of the tuyeére. Over 50 individual flames were
assessed to evaluate combinations of one coal in three carriﬁ;
fluid;; two load levels, three coal sizes, and three coal concentr-
ations. Thgsg trials established a number of COM compositions that
are considered acceptable for blast furnace tuyére‘injection.

3. A design study for three tuyére blast furnace trials incorporating
the resu;ts from the combustion study described above was completed.

4. A prelimin;ry design cost study, based on the optimum COM defined
in the combustion studies, is nearing completion. This will give an
approximate indication of the cpst of a complete blast furnace
conversion to COM>and the subsaquent operating costs.

3.3.2.3 Preparation Plants

Two COM preparation projects employing different wet grinding techniques
are now in progress.

The f;rst, being conducted at the University of Toronto, involves
orbital grinding of both coal and oil in a4novel Aevelopment known as the
Szego mill. The pilot-scale work, when completed in 1980, is expected to
show a significanf reduction in the costs of producing superfine COM dispersions

and to provide scale~up information for designing a 1-3 t/h prototype mill and

a 10-30 t demonstration mill.



In the sccond ﬁrojcct, a Nova Scotia company known as Scotia
Liquicoal has obtained the Canadian rights to a proprietary US process for
manufacturing a stable COM from local coals. Thé project which is bging
jointly funded by the Nova Scotia and federal governmments, comprises a
laboratory development phase leading to the design and construction of a
pilot-plant COM manuiacturing facility. In the later phases of the projcct,
experimental combustion and field demonstration trials are proéosed in order

to show the commercial viability of COM as a boiler fuel.

3.3.3 COM R and D Projects
3.3.3.1 Rheology -

Rheologicél studies of three western Canadian coals - a lignite, a
sub~bituminous and a bituminous refuse - in both No. 2 and No. 6 fuel oil
were initiated at the Saskatchewan Research Council in 1978 and should be
completed in April 1980. The major objective of the project was to expand
and improve the available data for designi;g COM tramnsfer lines to potential
combustion or gasification equipment. The viscosity characteristics of
various size fractions of each coal in No. é and No. 6 fuel oil have been
delineated and work using oil sands bitumen and pitch as inexpensive altermatives
to oil is ned?ing completion. Rheology studies on the bitumen and pitch are
being conducted in a special high-temperature viscometer which operates at
temperatures Qp to BOO?C.
3.3.3.2 Combustion

The combustion R & D component of the COM 'program is not extensive

* but has been designed to complement the major demonstration projects. Basically,

the small scale COM combustion research activity i§ designed to provide

flexibility of operation and to obtain data on heat transfer and emissions

acharacteristics which are not easily obtained on larger equipment.



Pilot—- scale combustion trials have been in progress at the Ontario
Research Foundation (ORF) with both COM and COM emulsified with water since
June 1978. The project, which was co-sponsored by the Ontario Ministry of

Energy, Ontario Hydro, Gulf 0il Canada Ltd and Stelco as well as by CANMET, .

included studies of coal berneficiation, COM preparation, combustion performance,

ash slagging and fouling and emission characteristics.

In the coai benefication work, samples of a western Canadian low-
sulphur bituminous, an eastern Canadian high-ash, high-sulphur bituminous and
a Pennsylvania bituminous coal were evaluated in béth laboratory and pilot-
scale coal cleaning equipment using conventional froth flotation and the NRC
spﬁerical agglomeration process.

For the combustion trials the two Canadian coals were beneficiated

by flotation whereas the US coal was simply screened and pulverized prior to

preparation of the COM in a shear mixer. The COM containing emulsified water

: . : . v o . . . . .
was prepared using a vortex mixer to produce a water-in-oil dispersion which

was then blended with pulverized coal in the shear mixer. The COM contained
30% coal and 70% No. 6 fuel oil whereas the COM with water contained 30% coal,
50%Z ¥o. 6 fuel oii and 207 water.

The‘two'C M fuels were burned successfully in both a conventional
and a high intensity burner over a 2:] turndown
ratio. The high—iutensity burner, however, produced some wall flame impinge-~
ment as expected and showed a higher tendency to produce slag and NOy than
the conventional burner.,

A project iﬁvolving further work on COM preparation using the
vortex mixer and combustion trials in a small 240 hp boiler is currently

under consideration.



3.3.3.3  DPreparation

Tﬁe Nova Scotia Techunical College recently started worg on utiiizing
raw and beneficiated Nova Scotia coals for a COM suitable for use in‘existiné
industrial and utility boilers with minimal retrofitting. Coal benefication
is being incorporated to allow for the use of high~ash coal and coal rejects
from Nova Scotian open cast mines. If a beneficiated COM can be produced it
would reduce depcnaeﬁce on offshore o0il and create additional émployment and

development in the region.

3.4 Fluid Bed Combustion
3.4.1 Background -

By 1974 CCRL recognized that the technology for fluidized-bed
combustion (FBC), being developed elsewhere in the world, offered significant
potential benefits to Canada. Simple uncooled beds were aiready in commercial
'use as incinérators for high-moisture materials such as wood waste and sewage
‘sludge, and more complex, cooled combustorg integrated into steam béilers as
shovm in Figure 10 were under development. Some of the major advantages of
FBC are:

1. The ability to burn high-sulphur ceoal with control of S0 emissions,
by using limestone beds. This is important for eastern Canadian coals.

2. The ability to burn coals having_combinations of high moisture content,
high ash content and low reactivity. This is important for some
western Canadian coals,

5. The ability to burn coal at atmospheric pre;suro as an cconomic
replacement for oil and natural gas, in the commercial and industrial
markets.

4. In the case of pressurized fluidized-bed combustion, a means for more

efficient coal-to clectricity cycles.
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The application of these potential benefits to the Canaéian cnergy
situation wés, however, somewhat problematic, since no Canadian Boiler
magufacturers werc-cngaged in the developmen£ of - FBC boilers at the time. ft
was decided at EMR that the best way to accelerate the transfer of tﬁis
technology into Canada was to have the federal government assume a substantial
portion of the financial risk for a carefully selected sefies of full-scale
demonstration projecst Subsequently, the following program of five FBC
demonstration ﬁrojects was developed. These in turn are supported by complementary
pilot—scale R & D. It should be noted that somec of the FBC demonstration
projects are still at the conceptual stage or are undergoing_ techno-economic
assessments.

1. Central heating plant boiler.

2. Industrial boiler burning coal and wood chips.

3. Small utility boiler burning high-sulphur coal.

4. Coal dryer heated by coal rejeqtg burnt in an FBC.
5. Pressurized FBC for combined cycle power generation.

3.4.2 Fluidized~bed Combustion Demonstrations

3.4.2.1 Heating Plant Boiler

This project was launched in 1977 when EMR and the Department of
National Defence (DND) agreed to co-—sponsor the demonstration of an atmospheric
FBC boiler, rated'at 18 t/h of steam, to provide space heating at CFB Summerside.
The boiler is being de;igned ta burn a 57 sulphur coal from Cape Breton, with
wood chips when available, providing up to 307 of the heat input at any load.
To minimize capital cost, overbed coal feed was specified. It was also
required that the boiler meet federal emissions guidelines of 2.96 kg SO2 per

<10° kcal heat input, and 0.36 kg particulates per 10° kcal heat input.
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Two contractors were selected to prepare conceéptual boiler designs,
boéh of which were completed in 1978, One contractor, Foster Wheéler Limited,
offered US technology while the other, Intercont{nentai Enéineering Ltd,offered
British technology.

The British design features four independent bed sections, each fed
by a water-cooled screw conveyor, with forced-circulation heat exchange
surface in each section.

In the US design, which is similar to the natural circulation ¥BC
boller éecently commissioned at Georgetown University, there are two bed
sections. One is a '"preferential' bed which 1s always in service and provides:

up to 407 of the capacity by furnace wall heat absorﬁtion. The other is a

"secondary" bed which is brought into service for higher loads, and contains

_in-bed heat exchange surface. Both beds are fed by spreader stokers,

In 1979 the same contractors completed conceptual designs for =a
boilerhouse to accommodate two fluidized-“bed bollers complete with handling
systems for coal, wood chipé, limestone and ash.

. The third phase of the project got under way early in 1980, with
the awarding of éwo identical contracts for a detalled design and a firm price
proposal to éonstruct a complete plant.containing one FBC boiler with space
for a second. Contractors for this phase of the project are Dominion Bridge
Company'Limiﬁed and Foster Wheeler Limited, the respective licensees for the
British and US designs,

' The two detailled dcsign and firm price proposal contracts are
scheduled for —completion in January 1981. TFollowing a detalled review of the
two designs by a selection committee a construction contraét will be awarded
to one of the contractors. Allowing 20 to 24 months for construction,

Canada's first FBC boilcf should be commissioned by the end of 1982. It will

then be subjected to a lengthy program of testing and demonstration which

will be continuously monitored by CCRL,
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As EMR's représentaéive at .o IFRF, CCRL has access to results of
IFRF reseafch on industrial-type flancs and.has collaborated in.a nunber of
IFRF sponsored in-house seminars and research projects. Direct benefits to
CCRL have included the purchase of special combustion probes, exchange visits
of scientific personnel, advice on rescarch equipment designs and consultations
on experimental methodologies.

Technical‘liaisbn with universities, government laboratories and
industrial re;earch organizations in Great Britain, Scandinavia, West Germany,
Australia, the United States, Japan and Italy as Qell as in Canada is also
maintained on a continuing basis. These informal links have resulted in
numerous scientific contacts around the world and the circulation of knowledge
on subjects of mutual interest prior to publication in the open literature.

5.0 RESEARCH NEEDS

In view of the expected increase in the demand for Canadian thermal
X o
coal, the following problem areas are suggested as topics for priority R and D.

i 17 Reliable and preferably rapid in-situ techniques to sample and
analyze trace elements and potenéially undesirable hydrocarbons
in flue gas.

2 Improved analytical methods to better evaluate coals with nigh-ash,
high-moisture and high-fusinite contents. Current standard methods
for example do not indicate wvhether a) the volatile matter is
combustible or non combustible, b) the moisturc is
associated with the coal or the mineral matter c¢) the major coal
macerals arc reactive or non-reactive,or d) the nitrogen is in
the fixed carbon or the volatile matter.

3. Rapid, bench-scale methods for screcning burning performance of coals
for use in pulverized-fired or fluidized-bed systems. prior to

implementing pilot-scale burns.
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FIGURE 10: SCHEMATIC OF FLuIDIZED-BED CoMBUSTOR



