To compete economically with existing sulfur processes, the
sorbent durability must be increased and allow approximately for 100
sorption-regeneration cycies. At the same time, the sulfur loading in the
product gas must be Towered through in-bed stl1fur capture or gasification of
low-sulfur coals. However, the process offers the potential advantages of
increasing overall energy-recovery efficiency through the treatment of pro-
cess gas with minimum prior cooling.

Limestone and dolomite have been used for desulfurization of pro-
cess gases and the absorption of sulfur in the gasification reactor. In the
mid-1970s, extensive fundamental research was conducted on the reaction ki-
netics and equilibria of these sorbents with reduced sulfur compounds.5
These data define the absorption and desorption reactions of sulfur com-
pounds, which formed the basis for sulfur control in the“CO2 Acceptor
Process. The pilot-scale tests for in-bed desulfurization of the KRW
fluidized~-bed gasificatién reactor have shown similar behavior. These mate-
rials are inexpensive and may be disposed of economically with the ash resi-
dues from the gasification process, which is an essential characteristeric
for in-bed desulfurization sorbents. Limestone- or dolomite-based solid
sorbent processes have the following advantages: (i) readily available, in-
expensive sorbent materials; (ii) potential for once-through use of sorbent
with disposal in combination with gasification ash-residues; (iii) tolerance
of product-gas particulate loadings; (iv) potential for tar and ammonia
cracking; (v) reasonable operating pressure drops; and (vi) easily integrat-
ed in-bed desulfurization and product-gas desulfurization using the same
sorbent material. However, the use of these materials has not been demon-
strated for gasification process—gas cleanup at the commercial scale and,
therefore, the following uncertainties remain: (i) sorption capacity of the
sorbents at various gasification-reactor conditions and for various
product-gas compositions, temperatures and pressures: (ii) disposal of sol-
ids with high concentrations of sulfides, which may oxidize to soluble or be
released as sulfide gases; (iii) impact of sorbent additions on operations
of the gasifier reactors; and (iv) removal of adequate product-gas nitrogen
(primarily as ammonia) to meet limitations for combustion emissions.

In summary, the principal advantages of applications of
solid-sorbent technologies to desulfurization of gasification product-gases
are (i) reductions of gas cooling requirements and (ii) the potential to
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eliminate the requirement for sulfur recovery. Reduction of gas cooling re-
quirements will not only reduce capital investment but will also enhance
significantly the overall process-energy efficiency, provided the end-use
process utilizes the thermal energy of higher temperature gases. Elimina-
tion of sulfur recovery will reduce capital investment and operating costs
and simplify the solids-handling and disposal operation if the sorbent can
be disposed of together with the gasification ash residues.

8.5-2. Sulfur Redox Processes

Sulfur-redox processes convert sulfides to elemental sulfur
through the use of oxidizing agents.6 In general, these processes are based
on the sequential occurrence of the following three reaction steps:

(i) absorption of gaseous sulfur compounds in the process solution (which is
usually alkaline); (ii) oxidation of dissolved HS- to elemental sulfur by an
oxidizing agent; and (iii) regeneration of the oxidizing agent.

The multiplicity of potential sulfur-oxidation states is responsi-
ble for the occurrence of extremely complex chemistry in the operation of
these processes, since a wide variety of side reactions and interactions
with contaminant components may occur. The operating history of
sulfur-redox processes during commercial applications has been varied, but
the difficulties have generally been directly related to the complexity of
the gas composition being treated.7 Process advantages have led to their
continued selection in proposed designs for gasification faci]itiess and,
therefore, further development to exploit these advantages is warranted.

Advantages of the redox processes include: (i) acid-gas removal
and sulfur recovery in a single process unit, thereby eliminating one pro-
cess unit; (ii) high HZS collection efficiency, with a high selectivity for
HZS over COZ; (iii) wide tolerance for inlet sulfur loading without loss of
collection efficiency; and (iv) low operating and capital costs compared to
use of the Claus reactor for sulfur recovery.

Sulfur-redox processes depend on the successful control of
sulfur-solution chemistry for reliable process design and operation. For
commercially applied processes, both uncertainties of the design basis and
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difficulties with operational control have contributed to application prob-
Jems. Uncertainties associated with sulfur-redox processes include the fol-
lowing: (i) little detailed information is available on process chemistry
and both the equilibrium and kinetic data are insufficient to develop de-
tailed design relationships; (ii) the complex chemistry and potential for
side reactions and reactions with contaminants result in low contaminant
tolerance in the inlet gas; (iii) the degradation of reagents due to incom-
plete regeneration and chemical and biological activity leads to higher than
expected reagent use; (iv) contaminants in the inlet gas lead to decreased
sulfur purity; and (v) many potential applications in the gasification in-
dustry would benefit greatly from pressurized operation, which has not yet
been demonstrated.

In summary, the primary advantages of the sulfur-redox processes
for gas-clean in coal-gasification are elimination of a sulfur-recovery
unit, wide tolerance for varying inlet sulfur loadings, and reduced capital
and operation costs compared to other sulfur-recovery processes.

References

1. F. L. Robson and W. A. Blecher, "Assessment of Fuel-Gas-Cleanup Sys-
tems, Final Report,” DE81025927, DOE/MC/12050-149, United Technologies
Research Center, East-Hartford, CT (November 1980).

2. S. S. Penner et al., "Assessment of Long-Term Research Needs for
Coal-Gasificatior Technologies," DOE/ER-78-C-01-6335, MTR-79W00160.
The Mitre Corporation, McLean, VA (April 1979).

3. R. D. Parekh, "Handbook of Gasifiers and Gas-Treatment Systems,"
DE83004846, DOE/ET/10159-T24, UOP/SDC, McLean, VA (September 1982).

4. Science Applications, Inc., "Coal Gas Desulfurization at High Tempera-
tures, Status of METC Investigations," DOE/MC/16545-1666; DE85003382,
Morgantown, WV (October 1984).

5. G. P. Curran et al., "High Temperature Desulfurization of Low-Btu Gas,"
EPA 68-02-1333, 600/7-77-031, Consolidated Coal Company, Library, PA
(April 1977).

6. C. N. Sawyer and P. L. McCarty, Chemistry for Environmental

Engineering, McGraw-Hill Book Company, New York, NY (1978).

283




8.

"Hydrogen Sulfide Removal," Chem. Eng. News 49(38), 48 September 13,
1971).

M. S. Edwards, "HZS Removal Processes for Low-Btu Coal Gas,"
ORNL/TM-6077, Oak Ridge National Laboratory, Oak Ridge, TN (January
1979).

P. Grancher, Society Nationale E1f Aquitaine, Pau France, "Advances in
Claus Technology. Part 2: Improvements in Industrial Units and Operat-
ing Methods," Hydrocarbon Processing 57, 247 (1978).

284




APPENDIX: SLAG FOR IN-BED SULFUR REMOVAL*

The following sulfur-dissolution process occurs in ferrous-
silicate slags near 1300°C, provided the oxygen partial pressure (p0 ) is
2

less than 10_5 atm and SO2 is not produced:

1 =

2z 1 = (8A-1)
252(9) +0 2

0, +S

2
The equilibrium constant for this process is
1
K, = (B /s ) (b = /pg), (82-2)

where the ratio P5=/P0 is constant for ionized species as long as they
exist. Hence,

1
2

Klszp(P0=/PS) (pOZ/pSZ) (8A-3)

is a function of temperature only. Multiplying by (%S) dissoived and defin-
ing the sulfide capacity as

L
Cs = K'p(9)= K (pg/ps=)(%5) = (pg /pg )i(%S),  (8h8)
it follows that
L
(%5) = Cglrg /oo )? (8A-5)
Thermodynamic analyses lead to the conclusion that

3 log Cg/ 8 (L/T) = 8,190 K.

5 3

For 107 < poz, atm < 10 ~, the sulfate or pyrosulfate may form according
to the reactions

S0, (9) +%0,(g) + 0 ———> S0,  (8A-6)
and

250,(g) + 0,(g) + 00  ———» 5,07 . (8A-7)

* This section has been abstracted from a presentation made by J. F.
E11i0tt (M.I.T.) at the Fourth Technical Meeting of the COGARN Working
Group (May 23, 1986).
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The sulfide capacity CS is seen to depend on the equilibrium

constant Kp, the ratio of O to S activities in the slag, and the %S

dissolved. It is obtained in practice by measuring POZ/PS and %S. Sulfide
2
capacities are reproduced in Fig. 8A-1 for a number basic slags as a func-

tion of mole fraction of base or lime.

O T 7 T T 71 7717
| _ FeO ]
1550°C\\+
I —
CaO +CaF,

-log Cs
]

2;/ ///M?JFSO’:

CaO+ A‘203 + COFZ

Ca0+Al,03 - ’

4 - / _
/' Ca0+Si0,

5 A N N U NN NN DA B
O 02 04 06 08 10

Mole fraction of base or lime

Fig. 8A-1, Sulfide capacities Cg of some simple slags.
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As a practical matter, under the most favorable conditions of low
oxygen and high sulfur pressures, even the most basic slags will contain on-
ly a few wt% of S. Sulfur removal from hot gases is most effective when a
separate oxysulfide phase forms in addition to the slag. The oxysulfide
phase may be the liquid phase in the Fe-0-S system (Fig. 8A-2), or it may be
solid calcium sulfide (CaS). The equilibrium oxygen and sulfur pressures at
which the liquid phase in the Fe-0-S system is stable at 1300°C is shown by
the stability diagram for the phase in Fig. 8A-3. On the low
sulfur-pressure side, the phase may be saturated with respect to metallic
iron, FeO(s) or magnetite (Fe304). The oxygen pressures for equilibrium
between Fe0, CO(g) and COZ(g) at several temperatures of interest are shown
in Table 8A-1.

It is seen that, for coal-gasification systems, good
desulfurization can be achieved with the formation of the oxysulfide or
sulfide phase, but not through the action of the slag phase alone.
Desulfurization in coal-combustion systems by way of the slag that may be
formed may not be practical, particularly if the slag is in equilibrium with
the oxygen poténtia] of the combustion gases.

qufrnen

Fe 10 20 0O 30 \ N 40
wti k6 S FeS

Fig. 8A-2, The 1300°C isotherm of the Fe-O-S system; '"FeQ' denotes
the lack of stoichiometry in the phase.
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Fig 8A-3. Stability diagram of the Fe-O-S system at 1300°C;
"FeQ' denotes the lack of stoichiometry in the
mixture.
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Table 8A-1., IEquilibrium oxygen partial pressures when the reaction
FeO +CO=CO, +Fe occurs, coupled with CO+3 O2 = COZ'

°C F poz’ atm pco/pcoz
800 1475 107193 1.8
1000 1830 197153 2.6
1200 2160 107183 3.0
1400 2550 10710 3.3

The preceding comments indicate the importance of studying phase
equilibria in coal slags and the need to perform quantitative work in this
field in order to make useful predictions or correlations about the extent

of sulfur dissolution in coal slags as functions of 1ime addition under
equilibrium conditions. The extent to which equilibrium conditions are lim-
1tiﬁ§ practical system performance remains to be evaluated.
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CHAPTER 9:
ENVIRONMENTAL ISSUES*

9.1. Introduction

We present an overview of technical and regulatory issues affect-
ing the environmental control of coal-gasification processes and discuss fu-
ture regulatory directions and their implications for coal-gasification
research. We review recent data characterizing emissions from various types
of gasifiers and the methods presently available for the control of gaseous,
liquid and solid contaminants. Key research needs are suggested which relate
to meeting current and future environmental requirements at minimum cost.

9.2. Overview of US Regqgulatory Policy

9.2-1. Trends in Environmental Regulation

Concern over environmental quality in the US has been at the fore-
front of national attention since the early 1970s, when Congress enacted
sweeping new laws related to air- and water-poilution control. Since that
time, environmental regulations have continued to grow more complex and com-
prehensive, having profound impacts on a wide variety of industrial and
energy-conversion processes.

Figure 9.2-1 graphically depicts the long-term trend in US envi-
ronmental regulation over the last centur‘y.1 It shows the total number of
federal laws related to environmental protection up to the present date.

The dramatic increase in the last two decades underscores the now

* This chapter has been written by Edward S. Rubin.
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well~-accepted fact that environmental regulations play a critical role in
determining the viability of technological systems such as coal gasifica-

Total number of environmental laws

tion. Recent trends suggest that environmental constraints are
45—]. LEGEND MMDA = Marine Manunal Protection Act {1972)
ESA - Endangercd Species Act (1973}
RHA - Rivers and Haxbors Act {1899) bwp - Deepwater Port Act (1974) EPAA
RA - Reclamation Act (1902) SDWA - Safo Drioking Water Act {1974) RCRAA
AA - Antiqulitics Act (1906) ESECA - Encrgy Supply and Environmental
404 1A - Inzeccticlde Act (1910) Coordination Act (1974) CERCLA NWPA
WL - Weeka Law (1911) TSCA ~ Toxlc Substances Control Act {1976) ESAASEEA
TGA - Taylor Grazing Act (1934) FLPMA - Federal Land Polisy and Management SO -
FGA - Flood Control Act (1937) Act {1976) smcepa $SWRCA
WRA - Wildllfe Rostoration Act {1937) RCRA ~ Repource Conservation and Recovery CWAA
35—t FWCA - Fish and Wildlife Coordination Act (1976) CAAN
Act (1958) CAAA - Clean Alr Act Amendments {1977)
WA - Wildernecas Act (1964) CWAA - Cleau Water Act {1977) %Eﬁ/&’/\
SWDA - Solid Waste Disposal Act (1965) SMGRA - Surface Mining Control and Raclamation TSCA
30 WRPA - Water Rosources Plannlng Act {1965) Act (1977) ESEC
“T NHPA - Natlonal Historle Prescrvation SWRGCA - Soll and Water Repources Consexrvation ECA
Act (1966) Act (1977) SDWA
WSRA  ~ Wild and Scenlc Rivers Act (1968) ESAA - Endangered Sp Act Amend; DW
NEPA -~ Natlonal Environmental Policy (1978)
251 Act (1969) EEA ~ Environmental Education Act (1978) MMPA ESA
CAA ~ Clean Alr Act (1970) CERCLA - Comprehensive Envix t Regponse FIFRA PWSA
OSHA - Occupational Safety and Health Compenration and Llabllity Act (1980} NCA
Act (1970) NWEA - Nuclear Waste Policy Act (1982) CZMA MPRSA
WPCA - Water Pollution Control Act (1972} RCRAA - Renource Conecrvation and Recovery WPCA
20— MPRSA - Marinc Protection Rascarch and Act Amendments (1984) OSHA
3 Sanctuaries Act (1972) EPAA -~ Envirommental Programs Assiatance
CZMA - Coastal Zono Management Act {1972) Act (1984) CAA
NCA ~ Noise Control Act {1972)
FIFRA - Federal Insecticide, Funglcide and NEPA
1514 Rodenticide Act (1972) WSRA
PWSA - Ports and Watorways Safety Act (1972) NHPA
10-7
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Fig. 9.2-1. US laws on environmental protection (Ref, 1).

Tikely to grow more important over time and must thus be factored carefully
into research development planning for advanced energy-conversion technolo-
gies. The major elements of current regulatory policy affecting coal gasi-
fication are briefly reviewed in Sec. 9.2-2, followed by a discussion of
future regulatory directions and their implications.

8.2-2. Elements of Current Policy

Table 9.2-1 summarizes some of the key elements of environmental

regulatory policy affecting coal-gasification plants. These regulations
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fall into two general categories: (i) standards defining acceptable environ-
mental quality and (ii) standards 1imiting the discharge of specific sub-
stances to the environment from specified sources. It is the latter type of
standards which most directly affect the design and cost of coal-
gasification systems, though in many cases environmental quality standards
also play a major role, particularly in plant siting.

9.2-2A. Air Pollutjon Control

While air-pollution-control requirements have long been part of
the regulatory landscape, the Federal Clean Air Act Amendments of 1970
brought air-pollution control to the forefront of national efforts to insure
a clean and healthful environment. The newly established US Environmental
Protection Agency (EPA) was required by the Act to promulgate primary na-
tional ambient air-quality standards (AAQS) to protect human health and sec-
ondary standards to protect human welfare. The latter category encompassed
the effects of air pollution on materials, vegetation, visibility, animal
life, etc. EPA's responsibility also included a mandate to insure the
"non-degradation" of air whose quality was better than National standards
(including pristine areas such as National parks and forests). The air
pollutants initially regulated under the Clean Air Act included 502, total
suspended particulates (TSP), N02, €O, and photochemical oxidants. Since
oxidants are produced indirectly, guidelines for non-methane HCs were also
established. More recently, lead has been added to the list of criteria
pollutants. Table 9.2-2 summarizes these standards.

To achieve ambient air-quality standards, state and local authori-
ties were directed to promulgate appropriate emissions standards, subject to
approval by EPA. The right was reserved to state and local authorities to
implement ambient air-quality standards more stringent than the National
standards and to regulate pollutants not covered by Federal standards.

State emission limits for individual sources of air pollution typically
specify a maximum allowable discharge rate and/or concentration of each reg-
ulated poliutant. In some cases, specific control methods for limiting pol-
lutant discharges are specified.

The Federal role in the direct regulation of emissions is limited
by the Clean Air Act to specific categories of new sources, including new

293

e e e a - -

T AT T N TR LA




Table 9.2-1, Elements of envirommental regulatory policy affecting
coal-gasification plants,

Air Pollution Control

National Ambient Air Quality Standards (Primary, Secondary, Nondegradation)
Federal New Source Performance Standards
National Emission Standards for Hazardous Air Pollutants

State and Local Standards (Air Quality, Emission Limits, Control Methods)

Water Pollution Control

Federal Safe Drinking Water Standards
Federal New Source Performance Standards
National Clean Water Act

Toxic and Hazardous Waste Regulatious

State and Local Standards (Stream Quality, -Effluent Limits, Treatment Methods)

Solid Waste Control

Federal Toxic and Hazardous Waste Regulations

State and Local Standards (Classification, Disposal Methods)

Table 9, 2-2, National ambient air-quality standards; codified at 40 CFR Part 50,

Pollutant Primary Standards Averaging Time Secondary Standards
9 ppm 8-hr-

co 35 ppm 1-hr® Nome

Lead 1.5 ug/m3 Quarterly average The same as the
primary

NO2 0. 053 ppm Annual {arithmetic mean) The same as the
primary

. b 3 . 3 ¢

Particulate matter 75 ug/m Annual (geometric mean) 60 ug/m

(TSP) 260 pg/m3 24-hr2 150 pg /m>

Ozone 0.12 ppm l-h.rd The same as the
primary

Sulfur oxides 0,03 ppm Annual (arithmetic mean) -

0.14 ppm 24-hr?® -
- 3-hr? 0.5 ppm

®Not to be exceeded more than once per year,

bCha.'nges to the TSP standard were proposed in the Federal Register (March 20, 1984), The

notice proposed changing the indicator from TSP to particles smaller than 10 ym,

Ranges of

24-hr standards of 150-250 ug/m3 and annual standards of 50-65 ].,lg/rn3 were proposed, An
annual secondary TSP standard in the range of 70-90 |.1g/m3 was also proposed,

®Guide to achieving the 24-hr standard,

d
The standard is attained when the expected number of days per calendar year with maximum

hourly average concentrations above 0, 12 ppm is equal to or less than 1,
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automobiles and classes of new stationary sources of emissions. The latter
include specified industrial processes judged by EPA to represent major po-
tential sources of air pollution. Currently, they include approximately 60
sources, including fossil-fuel-fired steam generators, petroleum refineries,

chemical plants, and coal- carbonization (coking) plants, but
not coal-gasification facilities. The 1970 Clean Air Act specified that :

Federal New Sources Performance Standards (NSPS) for designated processes
should require the use of "best adequately demonstrated technology," taking
into account cost and other factors. 1In practice, NSPS requirements have
come to represent the nominal design standard for new facilities.

By requiring that NSPS 1imits reflect the technological ability to
reduce emissions, Congress put into place a dynamic constraint that is inde-
pendent of ambient air-quality considerations, except in cases where the P
latter require emission controls more stringent than NSPS requirements.

Table 9.2-3 iilustrates the impact by showing recent changes in
pollutant-emissions limits for coal-fired power plants. Standards for 502,

NOx and TSP all have become more stringent over time in response to
technological improvements. As an indication of current trends, standards
appficab]e to the Cool Water coal-gasification plant in California are also
shown. The data suggest the potential for further tightening of Federal
NSPS requirements, especially for NOX emissions, which may be reduced by an C
order of magnitude with currently commercial technology.

The Tist of air pollutants regulated at the federal Tevel has also 3
been expanded over time to include chemical species designated as hazardous. -
Pollutants currently regulated or proposed to be regulated by National Emis-—
sion Standards for Hazardous Pollutants (NESHAP) are shown in

Table 9, 2-3, Trend in air-pollution emission standards for
new coal-fired power plants (1bs/106 Btu).

Pre- 1971 1978 Cool Water
tant
Pollutan NSPS NSPS NSPS (1984)
TSP ~0,2 0.1 0,03 0.03
~0,1-1,2 0.04-0.4
2 . .
SO2 None 1 (70-90% (95-97%
removal) removal)
NOx None 0.7 0.5-0,6 0,065
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Table 9.2-4. A much larger number of organic and inorganic chemicals have
been identified as being potentially hazardous or toxic, of which about 25
are under study by EPA as part of their current commitment. New approaches
involving risk assessment and risk management are being used to guide the
development of regulatory priorities and standards at the Federal level.

While the potential for Federal regulation of coal-gasification
plants has been extensively studied, no regulations have yet been proposed
since the industry has yet to materialize. 1In the meanwhile, state and lo-
cal regulations will determine allowable emission limits at
coal-gasification faci]ities.z Many states are now also moving to develop
toxic air programs that may have implications for coal-gasification plants
in the future.

9.2.2B. Water-Pollution Control

Current regulatory policy for water pollutants bears a number of
similarities to air-pollution control in that standards apply both to water
quality and effluent discharges, with the federal role in the latter area
limited to specified categories of new sources. In contrast to uniform Na-
tional standards of acceptable air quality, water-quality standards are

determined by individual states; thus, it is not at all uncommon to find
different states setting different limits for a given pollutant on the same

river. The Federal Water Pollution Control Act Amendments of 1972 aimed to
restore and maintain the chemical, physical, and biological integrity of
the nation's waters," establishing the "national goal that the discharge of
pollutants into the navigable waters be eliminated by 1985." Thus, the no-
tion of "zero discharge" is imbedded in current Federal legislation. Fur-
thermore, the 1972 Act established a National goal of having water quality
which provides for the protection and propagation of fish, shellfish, and
wildlife, while also providing for recreation in and on the water. Toward
this end, states individually set their own receiving water-quality stan-
dards, subject to EPA approval. There are also general water-quality crite-
ria designed to protect the water uses of streams. These Timits typically
refer to the elimination of floating solids, films, scums, bottom deposits,
and objectionable odors. States also set specific limits for particular
pollutants, e.g., all states typically set limits on pH, temperature, and
dissolved oxygen (though, as noted earlier, the values of these limits may
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differ from state to state).

Effluent discharge limitations generally reflect technological
means of control and often are only loosely related (if at all) to
water-quality standards. Thus, concepts such as "best practicable technolo-
gy currently available" and "best available technology economically achiev-
able" provide the guidelines for limiting specified water pollutants from
new sources subject to Federal regulation and also guide the setting of many
state and local standards. Federal NSPS do not currently cover
coal-gasification facilities, so that waste-water effluents from such plants
are subject only to state and local regulatory requirements which vary
across the country.

Other elements of current regulatory policy in the water area are
the US Public Health Service Drinking Water Standards. While these do not
impact coal-gasification facilities directly, they do have an indirect ef-
fect in that some of these stahdards are used as criteria for determining
the toxicity of leachable materials from solid wastes, inc]udiﬁg
coal-gasification wastes. Wastes found to be hazardous require special
handling.

Table 9. 2-4, DPollutants subject to national emission
standards for hazardous air pollutants.

Promulgated Forthcoming T
Asbestos Butadiene
Beryllium Carbon tetrachloride
Mercury Cadmium
Vinyl chloride Chromium
Coke-oven emissions Chloroform

Benzene
Inorganic arsenic

Fugitive volatiles

Ethylene oxide
Ethylene dichloride
Methylene chloride
Perchloroethylene
Trichloroethylene

TEPA Notice of Intent to propose standards issued
in 1985; promulgation is expected in 1988,
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9.2-2C. Solid Waste Control

Important Federal legislation regarding the handling and disposal
of solid wastes has come along only in the last decade in the form of the
1976 Toxic Substances Control Act (TSCA) and the Resource Conservation and
Recovery Act (RCRA). A principal concern of this legislation is the poten-
tial for releasing hazardous or toxic chemical substances into surface or
ground water systems as a result of runoff or chemical leaching through
soils. To a large extent, the focus of this concern has been wastes from
various chemical and industrial processes (as opposed to those from
coal-conversion processing). Nonetheless, as air and water pollution regu-
lations have prohibited or minimized the release of coal-related pollutants
to the water and air, their presence in solid wastes has grown in
significance.

The designation of wastes as either hazardous or non-hazardous un-
der RCRA is perhaps the most critical factor affecting coal-gasification
processes. At the present time, EPA regulations treat high-volume wastes
from coal combustion at electric power plants as a special category exempt
from the procedures for determining toxicity on a case-by-case basis. Lim-
ited testing of wastes from coal-gasification plants shows characteristics
similar to those from conventional coal combustion, though coal-gasification
plant wastes are not currently exempt from RCRA. Wastes found to be hazard-
ous according to EPA criteria must be handled and disposed of in special
disposal sites, adding considerabley to the complexity and cost of disposal.
These regulations are still developing and could affect coal-gasification
facilities in the future. In addition, state and local regulations also ap-

ply, which may be more stringent than Federal regulations or guidelines for
waste disposal.

9.2-3. Future Regulatory Directions

The clear trend toward increasingly stringent regulation of emis-
sions to ajr, water and land has significant implications for the
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development of coai-gasification processes. In particular, the following
regulatory directions are likely to be of special importance: (i) New Source
Performance Standards for conventional poliutants (e.g., 502, NOX, TSP) will
continue to become more stringent as better technology becomes available to
reduce emissions below currently achievable levels. (i1) Concern over haz-
ardous and toxic substances is rapidly expanding the 1ist of pollutants of
concern to include many organic species and trace elements not heretofore
regulated or measured (or, in some cases, measurable). This is a
multi-media problem, affecting air pollutants, water pollutants and solid
wastes. (iii) The policy of zero discharge of waste-water contaminants will
continue to play an important role in the design and siting of
coal-gasification facilities. Indirectly, it will also increase the severi-
ty of solid-waste disposal-problems. (iv) Regulations regarding the han-
dling and disposal of solid wastes will continue to grow in importance. For P
example, regulations recently proposed by EPA include a modification of the :
procedure used to determine leachate toxicity, adding organics and other el-
ements to the test criteria. The current exemption of coal ash and slag as
non-hazardous under RCRA would also be removed. These changes would intro-
duce a high degree of uncertainty that coal-gasification wastes could con-
sistently be classsified as non-hazardous.

A1l of these items have implications for coal-gasification re-
search needs. Recommended research to address current environmental issues
and anticipate new ones in the future are discussed at the end of this chap-
ter, following a review of recent characterization studies and current meth- {
ods of environmental control. ’

9.3. Environmental Emissions from Coal Gasification

Table 9.3-1 summarizes some of the potential pollutants associated
with coal-gasification plants. Gasification plants potentially constitute a
major source of water pollutants, in addition to air pollutants and solid ;f
wastes. Because coal is chemically compiex, gasification reactions are ca- :
pable of directly or indirectly producing a wide range of organic and inor-
ganic compounds whose presence may constitute an environmental problem or
hazard.
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9.3-1.

Process Overview

To highlight the nature and sources of environmental emissions of

concern, we show in Fig. 9.3-1 a typical configuration for a plant producing

*
low- or medium-BTU gas (in this case for electric power generation). Coal

may first go through a preparation or pre-treatment step, which may give

rise to small quantities of particulate matter and (if mild heating is in-

volved) sulfur dioxide emissions.

This step is typically well controlled.

Table 9.3~1. Some potential pollutants from coal-gasification plants,

Ajir Water Land
SO2 NI-I3 Slags
NOx 30H Ash glurries
T5P CN Fiunes
HCs SCN Dry residues
GO BOD Waste treatment
HZS COD Sludges
COoS TOC Spent catalyst
NH3 TSS
HC1 TDS
HCN pH
Metals HZS
Organics 5203=
S50,=
Cl
"
Alkalinity
Oils/grease

~<——————— Hazardous or toxic substances —4mM8 >

*

Power generation represents an environmental worst case since the coal-

gas products are burned, releasing pollutants into the environment.

Other applications, such as chemical manufacture or high-BTU gas

production, involve converting or upgrading the product into a useful

form, which reduces the environmental consequences at the gasification

facility.
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S0, TSP H,0 50, NO_

+ Air or o, + ‘
Coal — - Acid- P __.J
Coal~——®1 prep | Gasifier }~—————pw Quench |—— g gas —— rwetr
r— removal plan -
H,0 s;*g *
a
or f ] ' r\/
ash
Waste- Sulfur~ | g SO, H,S
Byproducts g1 water ____...OH recovery
(NH,,, phenol) treatment Ras system | Byproduct-
sulfur
Dissolved
gases, heat
Waste Sludge
water
Cooling Cooling Waste Incin-
H,0 B~ towers [0 peams™ P erator [P SOz, trace
2 substances
Sludge Solid
residue

Fig. 9.3-1. Typical environmental control and emissions for coal-gasification processes.

Emissions from the gasifier itself consist primarily of slag or
ash, which is quenched or sluiced with water upon removal. After exiting
the gasifier, the ga; products are typically cooled by water quenching (or
other form of cooling) to remove particulate matter and gas-phase
condensables. This procedure gives rise to the principal wastewater stream
associated with coal-gasification plants. The product gas is next routed to
an acid-gas removal-system where sulfur (predominantly in the form of HZS)
is removed. If the product gas is then used for power generation, it is
combusted, giving rise to conventional air-pollutant emissions (primarily
S0, and NOX).

Other sources of emissions are the various environmental control

2

technologies used to treat primary waste streams. These include the

wastewater-treatment system, sulfur-recovery system, cooling towers,and any
flares or incinerators included in the plant design. Figure 9.3-1 shows the
types of environmental emissions typically associated with these components.
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Thus, coal-gasification processes represent potentially significant sources
of air pollutants, water pollutants and solid wastes.

9.3-2. Recent Characterization Studies

Recent characterization studies of emissions from
coal-gasification facilities have been conducted by the US DoE and EPA.
Most of this work was conducted in the mid-to-late 1970s and early 1980s
when the potential for a significant coal-gasification industry in the US
appeared real. The DoE work focused primarily on a number of pilot plants
constructed in the 1970s to test several advanced gasification processes. B
EPA studies focused more intensively on commercial gasification facilities
in different parts of the world. A series of recently published reports by
EPA summarizes the results of its multi-year testing program’ - and
provides a comprehensive overview of environmental data for
coal-gasification facilities. These summaries cover a variety of gasifier
types and characterize emissions of air pollutants, water pollutants and
solid wastes. Environmental characterization studies have also been carried
out at the Great Plains gasification facility in North Dakota and at the
Cool Water plant in California, and some information from these facilities
is now becoming available. These plants are discussed later in this
chapter.

9.3-2A. Air Pollutants

Tables 9.3-2 and 9.3-3 summarize features of the ten
coal-gasification facilities characterized in the EPA studies. These in-
clude both air-blown and oxygen-blown gasifiers, encompassing fixed-bed,
fluidized-bed, and entrained-bed designs.

The characterization of air-pollutant emissions is focused on sul-
fur and nitrogen species, which are the key pollutants of concern in coal
gasification. Figure 9.3-2 summarizes the partitioning of sulfur among var-
ious outlet streams for each of the gasifiers tested.6 Most of the total

sulfur in coal is converted to gaseous species, with small amounts of sulfur
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exiting the gasifier in process waters and solids. Figure 9.3-3 shows the
distribution of sulfur species in the vapor phase. Most of the product gas
sulfur is seen to be in the form of HZS’ which accounts for 82-94% of the
total vapor-phase sulfur in the eight gasification processes for which data
were available. Reduced sulfur species, including carbonyl sulfide (COS),
methyl mercaptan (CH3SH), ethyl mercaptan (CZHSSH)’ and carbon disulfide
(CSZ) generally were present at detectable levels where analyses were
conducted. The most prevalent of these species was COS, which averaged
about 10% for the processes tested.

The fate of total nitrogen generally parallels the outlet sulfur
distribution, with the majority of nitrogen exiting in the gas stream, as
shown in Fig. 9.3-4. 1In these cases, however, several of the gasifiers have
significant quantities of nitrogen in aqueous and by-product tar streams. ;
Most of the vapor-phase nitrogen appears as ammonia, with the balance ap- ?V
pearing as cyanide and thiocynate (Fig. 9.3-5). For the four low-BTU gas 5 
processes for which data were available, ammonia accounted for 81-87% of the '
vapor-phase nitrogen (excluding NZ). No vapor-phase volatile amines of low
molecular weight organo-nitrogen species determinations were reported for
these processes. For two of the gasifiers (Lurgi and Koppers-Totzek,) the
lTow ammonia levels correspond to conditions downstream after an aqueous
quench rather than upstream, as in the other cases. All of the gasification
systems incorporate some type of quenching or cooling step downstream of the
gasifier, in which nearly all of the nitrogen compounds are transferred to
an aqueous phase.

Other potential air pollutants from coal-gasification facilities
involve various fugitive emissions from cooling towers, seals, flanges,
etc., and particulate emissions resulting from carryover of gasifier solids.
Particulate emissions, however, are not usually significant because of the
quenching and downstream processing that removes virtually all solids from
the gas. To the extent particulate emissions are significant, they are most
Tikely to be found at auxiliary facilites such as coal-fired steam plants or
solid-waste incinerators. Fugitive emissions, on the other hand, have not
been well characterized in past studies and represent an area where addi-
tional research is needed.
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Table 9. 3-2,

Coal and coal-gasification facility type (Ref. 6).

Year Product Gas
Type of Gasifier Site Type of Coal of Heat
Study Content
Chapman-Wilputte Kingsport, TN Virginia bituminous 1978 Low
Foster-Wheeler/ Univ, of Bituminous coal from Pinnada 1981 Low
STOIC Minnesota Seam
(Duluth)
Koppers-Totzek Modderfontein,| Bituminous, high volatile coal 1979 Medium
So, Africa from So. Africa
Lurgi, dry ash Westfield, Rosebud, sub-bituminous coal 1973- Medium
Scotland from Montana; bituminous 1974
coals from Percy, Ilinois;
and Pittsburgh non-caking and
non~swelling coal from the
Federal No, 1 mine
Lurgi-type, dry Kosovo, Lignite from Kosovo mine 1981 Medium
ash Yugoslavia
Lurgi, tri-state Sasolburg, Western Kentucky coal 1981 Medium
synfuels test So. Africa
Riley (modifica~- Worchester, North Dakota lignite 1979 Low
tion of Morgan MA
Gas Producer)
KRW-PDU Madison, PA Wyoming sub-bituminous coal, 1983 Medium
Pittsburgh No. 8 bituminous coal,
and North Dakota lignite
Texaco Ruhrkohle/ Illinois bituminous coal 1980 Medium
Ruhrchemie,
FRG
Wellman-Galusha Glen-Gery Pennsylvania anthracite 1978 Low
Brick Co.,
York, PA
Wellman-Galusha Fort Snelling North Dakota lignite 1978 Low

(Indianhead)

Low means less than 5500 kJ/m3 ; medium means approximately 11, 000 k.]'/m3.

9.3-2B.

Water Pollutants

The quantity and quality of wastewaters produced by

coal-gasification facilities depend significantly upon the gasifier type,

the feed-coal characteristics, and the nature of gas cleanup and

ash-removal/handling systems.
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Fig. 9.3-2. Sulfur distribution among outlet streams (Ref, 6),
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eral groups: those from tar-producing gasifiers and those from non-tar pro-
ducing gasifiers. The former refer to fixed-bed systems which produce
substantial quantities of phenolics, oils and tars, while the latter catego-
ry includes ash-agglomerating, fluidized-bed, and entrained-bed gasifiers
which produce 1little or none of these pollutants.

Coal gasification wastewaters include gas~quench condensates,
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cyclone-dust quenchwaters, ash-pan waters, gas-compression and cooling con-
densates, acid-gas removal waters, and leachates from slag and ash-~disposal
facilities. Among these, the quench condensates represent the principal

wastewater source in terms of pollutant streagth and stream volume (Table
9.3-4).

nia, cyanide, phenols, and sulfur compounds (primarily suflides).

The aqueous pollutants of greatest environmental concern are ammo-

Characterizations of wastewater contaminants were conducted by EPA

7 Tar

for the ten low- and medium-BTU coal gasifiers shown in Table 9.3-2.
producing (fixed-bed) systems are the Chapman, Wellman-Galusha, Riley, Fos-
ter Wheeler/STOIC, and Lurgi processes. Entrained-bed gasifiers are repre-
sented by the Koppers-Totzek and Texaco processes, while the KRW process
development unit (PDU) represents an ash-agglomerating fluidized bed pro-
cess. Waterwater data were catalogued in terms of conventional pollutants
(e.g. BOD, COD, NH3, TDS, etc.), trace elements, and organics. Wastewater
sources were treated in three general categories: (i) process waters from
the gasifier, particulate removal, gas cooling, and acid-gas removal opera-
tions, (ii) process waters from ash and slag handling, and (iii) leachates
from gasification slag and ash.

Tables 9.3-5 to 9.3-11 summarize the EPA data on conventional pol-
lutants, trace metals, and organics in some of the major process streams of

tar- and non-tar producing coal-gasification wastewaters. These data con-

Table 9.3-4, Normalized production of quench liquors/gas-cooling condensates (Ref, 7).

Wastewater Steam Tar /oil Phenols
Casifier Coal produced, consumed, produced, produced,
kg water/kg coal| kg steam/kg coal | kg T-O/kg coal | kg CyNgOH/kg coal

Lurgi® Montana Rosebud ® 1.0 1.25 0.04 0.004

illinois No, 6b 2,1 2,51 0,03 0, 005

Illinois No, Sb 1.8 2,25 0, 05 0, 005

Pittsburgh No. Sb 2,6 3.24 0,05 0, 004

Moatana Rosebud © 0.9 1,01 0.04 0. 005
Texaco® Iilinois No, 6° 0.7-1.3 o.78f g I
Koppers-Totzckh Illinois No. 6° 0.9 Nl\i g g

aLux‘gl gasifier at Westfleld, Scotland,

bCoarsc graded (6-32 mm),

SFine graded (2-10 mm),

dRuhrkohle/Ruhrchemie in Oberhausen-Holten, FRG,
¢ Pulverized (< 2mm),

[Steam flow rate is taken as the sum of fresh makeup
slurry water, coal moisture, and water in additives

and flocculants,

Enegligible.
h

TVA projections.

i

NA - data not available
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Table 9.3-5, Conventional pollutants in coal-gasification wastewaters (Ref. 7).a

Wellman-
Gasification Riley Chapman Galusha Koppers-Totzek at Modderfontein KRW-PDU
system at Fort
Snelling
Cyclone- | Com- Com- Sub-
Type of waste- Ash pan Se[')arator dust pressor | pressor Rectiso_lb Rectisoi® [bituminous Bituminous Lignite
water liquox quench- con- con- coal coal
water densate | densate
pH, standard 11.3 7.66 10,0 8,2 8.0 9.1 B.1 8.4 8.4 8.7
units
TDS 2,460 6,300 390 260 170 1,390 1,640 390 331 2, 249
TSS 32 144 d <1 12 70 20 4,600 3,100 1, 000
"g:g‘;;‘ a8 60 46 691 554
Alkallnity as 2,140 2,990 |2,690 78 144 6,770 2,382 12,067
CaCo,
C;’J‘:}‘]“?}Z:’)' 2,900 | 32,000 6,000 |5,500 1,800 | 2,000 12, 300 5,200 16,700
COD 87 22, 200 800 644 569 28 1,000 150 231 145
TOC 15 185 48 55 170
BOD 44 6,530 85
NH3 {total) 5,000 0.97 973 900 26 49 2, 430 965 4,125
CN~™ ND® 1, 000 0. 36 7.3 10.5 2.8 ND 2.2 59 62
SCN™ <4 70 10.9 17.1 110 137 79 105 62
l-IzS <10 43.9 53.5 1.1 4.5 18 79 102
SZOS 4.8 7.8 18.5 16. 4
505 12 <1 <1 <1 <1 10 10 12
SOIT 1,380 1, 000 55 56 49 461 541 225 65
ro,> 0.06 60 0.1 2 3 0.1 2.8 3.7 0.6 1.5
Chloride 110 300 34 23 13 153 158, 22 493 61
Methanol ND ND <0.1 <0.1
NO; <0.02 <0,5 1.4 0.9
NO, <0, 01
Fluoride 0.71 200 2 1.8 25 30
Total sulfur 18
NH3 fixed < 306
Carbonate 2X 10
2Units are mg/! unless otherwise noted, dBlanka mean parameter not analyzed,
bPux:lﬂcd sewage used as process feedwater, °ND - not detected.
cCooHng tower makeup water used as process fecdwater,
311

AL 2 SRR OO PN

SRS TE RNt




Table 9.3-6. Conventional pollutants in Lurgi coal-gasification wastewaters (Ref. 7 ).a
Ga:;f::;:fo“ Lurgi at Sasolburg tvizgtii:ltcl Lurgi-type at Kosovo
Type of Raw-gas |Extracted-] Stripped s?::rl; Gas Gas c Cyanic | Gas Q“::;hed-
wastewater liquor |gas liquor }gas liquor water liquor “|liquor~ { water |}liquor water
pH, standard 9.0 | 10.4 6.5 7.63 8.1 {119 | 9.2 &1
units
TDS 1,180° 390° 420° 1,140 | 1,940] 590 | 2,170] 2,100
TSS <1 <1 <1 f 140 150 8,760
G(‘l’l';‘:}’]‘:/“c’:;‘; 3,100 330 140 | 120
COD 12,000 990 1, 400 170 5,900 [18,600] 205 18,900 1,460
TOC 4,970
BOD 4,300 [12, 250 9,030 90
NH, (total) 6,600 | 5,500 390 25
CN~™ 0,85 0,17 <20 16 8 <1} 0.01
SCN~ 248 210 60 <75| 0.026
HZS 720 170 g 220 330 Trace
SO:,: 240 55 40 Trace
SO: 8,7 5.2 16,0 495
Po;3
Chloride 1, 690 950 600 160 9 28
NO:,: 99 12 <1 <1 4,8
NOé‘ 0,15 0,03 0.04 Trace 0.4
TFluoride 45 40 50 0.91
Calcium 3.2 1.9 2.9 770
Magnesium 0.51 0. 46 1,0 91
Sodium 6.0 6.5 6.1 230
0 | o
Total sulfur 340 450 60 84
raty wc
NH3 - free 4, 090 8,930 3,510| Trace
- fixed 250 470 250 1.9
Carbonate 10,650 [19, 960
Total solids 730 2,230]10,900
Total non-
volatile 560
solids
Permanganate 570 |14, 200| 8,060
number
Tar & oils <400

*Units are mg/{ unless otherwise noted.
Wastewater associated with Pittsburgh #8 coal,
Wastewater associated with Mountana Rosebud coal,

dincludes coal bunker vent-gas scrubber and ash-lock
vent-gas scrubber blowdowns,

e'I'DS measured at 180°C,
fBlanks mean parameter not

analyzed,

EPossible analytical interferences.
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Table 9,3-7. Trace elements in fixed-bed coal-gasification wastewaters (Ref. 7).8'

Fostexr-

Casification Lurgi-type Wellman-Galusha

system Wheeler/ Lurgi at Sasolburg at Kgoso):/i Rlley | Chapman | 5o Snelling

o STOIC
Type of Ash Raw-gas | Extracted- ] Stripped~ fl:::i-y Cyanic | Phenosolvan Ash Separator | Cyclone-dust
wasgtewater pan liquor gas liquor | gas liquor |yatey water effluent pan liquor quench-water
Method of b R d

analysis SSMS~ | ICPES ICPES ICPES ICPES SSMS SSMS AAS SSMS SSMS
Aluminum 30, | <s0 <50 <so, | <s0, 70 100 e ND Mcflg
Antimony ND <2 85 36 <2 ND ND 70 <60;
Arsenic 30 | 1,800 1,700 1,700 170 90 20 21 800 120
Bariun 4,000 200 80 110 1,900 20 50 170 300 5708
Beryllium ND | <0,5 <0,5 <0,5 <0,5 ND ND ND ND
Boron 400 32 26 28 <9 20 100 9,000 9008
Bromine 100 100 9 ND 40
Cadmium ND <2 <2 <2 51 ND ND <1 5 <58
Calcium MC | 3,200 1, 900 2, 900 MC ND 6, 000 2,000 McB
Cerium ND ND ND 3 2
Cesium <1 4 ND 1 4
Chlorine 700 4, 000 1, 000 MC 200 MC
Chromium 40 { 1,500 2,800 3,900 <1 9 5 <1 ND <58
Cobalt 5 <6 <6 <6 <5 <3 3 ND 9
Copper 20 <1 15 19 <1 20 30 6 10 128
Fluorine 50 300 4,000 s30| 2,000 2,000
Gallium 20 ND ND ND 20
Germanium ND 20 30 ND 7
Todine 7 400 20 300 6
Iron 9,000 430 520 5, 600 MG 4,000 500 1,900 1,000 4, 9008
Lanthanum ND 3 R 1 8 ND 1 ND
Lead 10 <2 <2 61 g3t 8 70 1.3 ND 998
Lithium 200 <1 i8 28 140 2 3 3 40
Magnesium 300 510 460 1, 000 MC MC 2,000 2,000 MG
Manganese <1 <1 <1 <1 <1 40 10 58 ND <38
Mercury 4,21 6601 794 6.2 1.9¢ ND ND 0.5 |<0.0003 0,41
Molybdenum 20 <2 <2 <2 <2 ND ND ND 4
Nickel 2 <3 4 3 <3 7 80 < 208
Niobium 2 ND ND 8 ND
Phosphorus 100 | <200 <200 <200 3,200 ND 80 McC 400
Potassium 6,000 < 40 <40 2, 400 < 40 7,000 1,000 MC MC
Rubidium 30 <i ND ND 20
Scandium <2 1 { . i <2 <5 2 ND
Selenium 40 600 300 89" 9 ND 30 <7 | 2,000 6
Silicon 400 | 7,900 7,700 7,800 MC 1, 000 1,000 2,000 2,000
Silver ND <2 <2 <2 <2 ND ND 14 | 2 2
Sodium 200 | 6,000 6,500 6,100 MG | > 4,000 4,000 ND Mc8
Strontium MC 14 3 15 1,900 10 20 ND 1,1008
Sulfur >9,000 MC MC MC ND MC8
Tellurium 4 ND ND ND ND
Thallium ND <zt <2t <2 <2i ND ND ND ND
Thorium <10 40 10 ND ND
Tin ND ND 20 30 1808
Titanium 200 <5 <5 12 1,800 400 20 100 ND
Uranium <10 : <10 <30 10 ND
Vanadium 1 <3 <3 13 810 1 3 ND 158
Ytterbium ND ND ND ND 2
Ytbrjum 50 <2 <2 <2 190 30 <30 5 ND
Zinc 40 8 11 29 <3 50 70 5.5 ND 358
Zirconium 10 ND < 30 10 5
a

Units are Jig/f unless otherwise mnoted,

bSSMS - spark source mass spectrometry.,

®ICPES - induced coupled argon plasma-emission spectrometry.
dAAS - atomic absorption spectrophotometry,

®Blanks mean parameter not analyzed.

fMC - major component in the wastewater, concentration greater than 10,000 ug/s.
gA'na.lyzed by induced coupled argon plasma-emission spectrometry.

hNot: detected,

1Analyzed by atomic absor ption spectrophotometry.
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Table 9, 3-8,

wastewaters (Ref, 7),%

Trace elements in non-tar producing coal-gasification

d

SSMS - spark source mass spectrometry,

®AAS - atomic absorption spectrophotometry.

3

ICPES - induced coupled argon plasma emission spectrometry,

END - not detected,

MC - major component in the wastewater, concentration greater than 10,000 pg/e.

'Blanks mean parameter not analyzed,

Ga:i;:::::‘on Koppers-Totzek at Modderfontein KRW-PDU Ruhxk;::?i:ﬂ:chcmle
Type of ettler
wasiCosicr | SHREARE | SRRt | mecntsol | mostaot® | ST | Bt |y | S5 |
M e ssMsd SSMS SSMS SSMS AASS/ICPES | AAS/ICPES| AAS/ICPES | ssMms  |AAS/IcPES
Aluminum 5 9 100 100 nDE 1,400 2,400 mc® MG
Antimony =2 10 <1 ND ND ND ND 90 21
Arsenic 2 4 20 10 73 300 420 600 480
Barjum 100 40 200 200 1, 200 550 470 MC 2,700
Beryllium ND ND ND ND ND ND 5 10 130
Bismuth 2 ND ND ND i 10
Boror <1 <1 <1 ND 6,800 10,000 MC 700 MC
Bromine 80 300 30 60 300
Cadmium 3 7 1 ND ND ND ND 70 190
Calecium MGC MC McC MC MC MC 8, 000 MC MC
Cerjum ND 1 1 ND 1,000
Cezium <1 ND <l ND 70
Chilorine 100 60 200 300 MC
Chromium 5 5 3 7 ND ND ND 4,000 1,200
Cobalt 3 1 1 £ ND ND 12 400 260
Copper 10 10 50 100 ND 5 ND 700 740
Dysprosium ND ND ND ND 50
Erbium ND ND ND ND 20
Europlum ND ND ND ND 10
Fluorine 30 3,000 400 3,000 MC
Gadolintum ND ND ND ND 30
Gaflium <1 3 <1 <1 2, 000
Germanium H ki <1 2 3,000
Hafnium ND ND ND ND 20
Holmium ND ND ND ND 30
Todine 4 8 8 9 20
Iron 500 1,000 MC 2,000 1,800 600 2,300 MC MC
. Lanthanum ND 1 1 ND 900
Lead 20 30 20 10 ND ND ND 4,000 3,100
Lithiuvm 3 10 6 3 100 44 70
Lutetium ND ND ND ND 2
Magnesjum 1,000 2,000 MC MC 28,000 7,600 55, 000 MC MC
Manganese 10 9 50 80 ND 610 ND MC 2,500
Molybdenum 0 20 40 20 ND ND ND 1, 000 1,100
Neodymium ND ND ND ND 100
Nickel 4 17 200 100 ND ND ND 1,000 1,050
Niobium 2 5 2 <1 200
Phosphorus 0 70 700 1, 000 1,300 ND ND MC 5,800
Potassium MC MC 5,000 MC 2,700 4,300 MC MC MC
Praseodymium ND ND ND ND 100
Rubidium 8 3 9 6 2,000
Samarium ND ND ND ND 90
Scandium <1 <1 <1 <1 700
Selenium 1,000 2 50 40 3s ND ND 1,000 1, 600
Silicon 300 100 1,000 2,000 MC ND ND MC MC
Silver =2 1 ND " ND ND ND ND <6
Sodium 2,000 <1, 000 >1,000 >2, 000 MC 8, 600 MC MC MC
Strontium 70 30 300 500 7.000
Sulfur >2,000 > 3,000 > 2,000 >4, 000 MC
Tantalum 2 ND ND ND 5
Telluriuvm 3 3 ND ND 7
Terbium ND ND ND ND 1
Thallium ND ND ND ND ND ND ND 100 50
Thorlum <8 <3 <3 <6 200
Thulium ND ND ND ND 4
Tin 2 <} 4 ND 100
Titanlum 30 200 100 200 46 i8 110 MC MC
Tungsten ND ND ND ND 50
Uranjum <7 <3 6 6 300
Vanadium 2 <1 3 5 20 14 ND 2 1,400
Yiterbium ND ND ND ND 20
Yttrium <1 1 <1 <1 700
Zinc 600 1,000 6,000 5,000 ND ND ND MC 1,700
Zirconlum 3 10 <1 <1 1, 000
3Units as Mg/4 unless otherwise noted,
b
Purified sewage used as process feedwater,
cCooling tower makeup water used as process feedwater,
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Table 9.3-9. Organics in fixed-bed coal-gasification wastewaters (Ref, 7).2

Gasification system Chapman Foatesr'?gllxéeled Riley t:rl{gés:’?;e
. Ash-fan Ash-fan |Phenosolvan-
Wastewater type Separator liquor water water inlet water

Sample type Averageb Range Grab Grab Grab
Acid extractable compounds
Phenol 2,400 1900-3400 0,0033 241 690
Methylphenols 3,200¢ 1500-4700 Npd ND -
Dimethylphenols {tota1)f 1,200 330-1900 ND ND 333
2, 4~-Dimethylphenol 4208 98-820 ND ND 130
Trimethylphenol 0,82 0,35-2.2 ND ND ND
Indanol 1.7 <0,07-3.2 ND ND ND
1-Naphthol 5,0 3.3-8.5 ND ND ND
2-Naphthol 6,7 5.4-9,2 ND ND ND
Resorcinol/catechol 30 3.6-65 ND ND ND
Hydroxybenzaldehyde 5.7 <0.18-19 ND ND ND
o~Cresol - ND ND 260
m-~Cresol - ND ND 610
p~Cresol - - - 100
Total unknown phenols - - - 698
Base-ncutral extractable compounds
Naphthalene 8.6 1,6-17 0.00033 7.4 ND
Acenaphthalene 3.6 1.2-<6 ND 2,0 ND
Fluorene 2,6 0,26-<6 ND 1,0 ND
Phenanthrene/asthracene 2,3 0.7-<6 ND 2,2 ND
Fluoranthene 5.7 0.3-<9 ND 1.7 ND
Pyrene 5.7 0.4-<9 ND 1.7 ND
Bis(2-~ecthylhexyllphthalate 12 1,2-32 0,0067h 11,1 ND
Chrysene 0.12 ND 2.4 ND
Benzo (b)fluoranthene 0,10 ND ND ND
Benzo(a)pyrene 0.12 ND ND 0.19
Pyridine 1.2 ND ND 28
Ethylpyridine(s) 18 1.3-61 ND ND 46
Quinoline 3,1 0.62-5,6 ND ND 5
4-Methylquinoline 0,11 ND ND ND
l-Methylnaphthalene 2.3 0,43-4,2 ND ND ND
2, 3-Dimethylnaphthalene 2.3 0,65~<4,5 ND ND ND
2, 6-Dimethylnaphthalene 2,2 <1.3-<3 R ND ND ND
Indole 12 8-14 ND ND ND
2~Methylindole 12 2,2-16 ND ND ND
3~Methylindole 2,4 0.58-3.6 ND ND ND
Diethyl phthalate ND ND 1.9 ND
Di-n~butyl phthalate ND ND 1.4 ND
2~Methylpyridine - - - 29
3~ and 4~Methylpyridine(s) - - - 13
Alkylpyridine(s) - - - 26
Alkylquinoline(s) - - - 12
Benz{a)anthracene - - - 0,92
7, 12=-Dimethylbenz{a)anthracene - - - 0.23
Benzo(b)fluoranthene - - - 0,68
3-~-Methylcholanthrene - - - <0,004
Dijbenz(a, b)anthracene - - - 0.02
252 Group (a8 benzo(a)pyrene) - - - 1.26
Volatile organic compounds
Benzene 0,63 0.56-0, 74 - - 0.9
Toluene 0.42 0,38-0.46 - - 0,5
Lthylbenzene 0,048 0.022-0,106 - - ND
m, p~Xylene 0,15 0.124-0,172 - - ND
o-Xylene 0.28 0.034-0,184 - - 0.8

®All data as mg/t,
Average of grab samples,

€One extremely high data point is not included in the average but the compouund was identified 6 of

6 times,
dND means not detected,

€Dashes mean parameter not analyzed,

Inecludes 2, 4-DMP,

8The portion of 2, 4-DMP from the B/N fraction was estimated {rom the amount found in the acid fraction,

hprobable artifact of sample handling.
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Table 9.3-10. Organics in non-tar-producing coal-gasification wastewaters (Ref. 7).2

Koppers~Totzek at Texaco at
Gasification system M . KRW-PDU Ruhrkohle/
odderfontein R .
uhrchemie
Compressor R Subbitumi-~ | Bituminous Settler~
Wastewater type coml;ensate Rectisol nous coal coal Lignite | derflow
Sample type grab grab grab
Acid extractable compounds
Phenol a Ta® Tr 0.19° - 0.16 | 0.0026
Dimethylplienols (total) ND® ND - - - ND
2, 4-Dimethylphenol ND ND - - - ND
0-Cresol ND ND ND - ND ND
m-Cresol ND ND ND - ND ND
p-Cresol - - ND - ND -
Total unknown phenols - - - - - -
Base-neutral extractable
compoundsg
Naphthalene Tr Tr 10,0 0,26 0.20 ND
Acenaphthalene ND Tr 1.0 0,040 0,060 ND
Fluorene ND 0,001 1,0 0,10 0.11 ND
Phenanthrene/anthracene ND Tr-0, 0046 2,71 0.44 0. 040 ND
Fluoranthene ND 0,0063-0,019 0.94 0.30 0,001 ND
Pyrene ND 0,025-0, 097 0.68 0, 36 0,001 ND f
Bis(2-ethylhexyl)phthalate Trf ND - - - 0.0081
Chrysene ND 0,034 ND 0,020 ND ND
Benzo (b) fluoranthene ND 0,002 ND ND ND ND
Benzo (a)pyrene ND ND ND 0,005 ND ND
Pyridine ND ND ND Tr 0,25 -
Diethyl phthalate Trf Trf - - - ND
Di-n-butyl phthalate 0. 006f ND - - - ND
Benz(a)anthracene ND 0.016-0,023 ND 0,010 ND ND
Benzo (b)fluoranthené ND 0,015 - - - ND
Dibenz(a, b)anthracene ND ND - - - ND
Volatile oxrganic compounds
Benzene ND ND 0,15-1,10 0,007 0,020 -
Toluene ND ND - - - -
Ethylbenzene ND ND - - - -
m, p~-Xylene ND ND - - - -
o-Xylene ND ND - - - -
Chloroform Tx Tr - - - -
Total volatile organics - - - - - 0.03-0,05

o

'All data as mg/{.

n o

2,

Includes 2, 4-DMP,

Dashes mean parameter not analyzed,

Tr means trace (detected but at an unquantifiable level below 0, 001 mg/L),

eND means not detected,

fP:roha.ble artifact of sample handling.
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Table 9.3-11,

Summary data for wastewater bioassay tests (Ref, 7).

Gasifier /wastewater

Bioassay Test Results

AMES

In-vitro
cytotoxicity

Freshwater algaec

ECs0

Fathead minnow(:l

LC5 0

Lurgi-type Kosovo/gas
liquor

Lurgi-type Kosovo/
pretreated gas liquor

Lurgi-type Kosovo/
ASTM slag leachate

Lurgi Sasolburg/
pretreated gas liquor

Lurgi Sasolburg/
bioreactor effluent

Riley/ash leachate

Riley/cyclone dust
leachate

Chapman/separator
liquor

Wellman-Galusha
{Fort Snelling)/
ash sluice water

Wellman~Galusha
{Fort Snelling)/cyclone
dust quench water

Wellman-Galusha
(Glen-Gery)/ash
sluice water

Wellman-Galusha
(Glen-Gery)/ash
leachate

Texaco Ruhrkohle/
Ruhrchemie/settler
underflow

Texaco Ruhrkohle/
Ruhrchemie/ASTM
slag leachate

Texaco Ruhrkohle/
Ruhrchemie/ASTM
fines leachate

Texaco Ruhrkohle/
Ruhrchemie/bioreactor
effluent

positive

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

CHO-M

CHO-M

CHO-ND

CHO-L

CHO-ND

RAM-ND

WI1-38-M

WI-38-ND

WI-38-ND

W1I-38-ND

CHO-H

CHO-~ND

CHO-L

CHO-ND

e

3%f
4%

0.1 to 1,0%

1,4-1,7%

13-.19%

10-11%

20%

4,5-7.5%

38%

0, 02%

1.2-1.3%

9,3-13%

#Salmonella bacterial mutagenicity assay (S. typhimurium).
BCHO - Chinese hamster ovary clonal toxicity assay; RAM - rabbit alveolar macrophages toxicity

assay; WI-38 ~ human lung fibroblast cells; L. - low toxicity; M - moderate toxicity; H - high
toxicity; ND ~ no detectable toxicity.

CSelenastrum capricornutum, ECg( - concentration of effluent estimated to cause a 50% decrease

in biomass,

Pimephales promelas, LCgg ~ concentration of effluent estimated to cause a 50% decrease in

the fish population,

€Dashes mean parameter not analyzed.
fValues expressed as percent concentration of sample in dilution water,
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firm that quench condensates produce the most contaminated waste streams
from coal gasification. These streams contain substantial amounts of COD,
BOD, NH3, SCN, CN, reduced sulfur compounds, carbonates, and dissolved
solids. The fixed-bed gasifiers also contain significant quantities of dis-
solved organics and volatile inorganics. Trace-element compositions gener-—
ally reflect the composition of the parent coal, with most of these
substances reporting to the liquid or solid effluent streams from the
gasifier.

The critical point affecting the research agenda for coal gasifi-
cation is that wastewater treatment processes add considerablie cost to the
overall system, so that process improvements which reduce or eliminate these
steps are highly desirable. Similarly, a better understandihg of fundamen-
tal process chemistry, particularly in the context of recycle and reuse of
contaminated waters, could help minimize the need for downstream treatment.

We return to these points in summarizing research recommendations at the end
of this chapter.

9.3-2C. Solid Wastes

The major solid-waste streams from coal-gasification processes are
the ash or slag from the gasifier, plus dust collected in the cyclone sepa-
rators found in some process designs. Byproduct tar and oil may also be
discharged from some types of gasifiers. EPA test data on solid wastes from
various gasifiers include characterization of chemical properties, physical
characteristics, leaching test, and bioassay tests (Table 9.3-12). Details
concerning these data are summarized in Ref. 8.

The most critical aspécts of solid-waste handling and disposal
concern whether or not the waste is classified as hazardous under RCRA or
whether it poses any biological hazard, as indicated by bioassay tests. Re-
sults for gasifier ash, slag and cyclone dust, which originate primarily
from the inorganic components of coal, have demonstrated that these materi-
als are non-hazardous under current RCRA criteria (Table 9.3-13). This ob-
servation is consistent with the results of other testing programs carried
out by the US DoE on several coal-gasification pilot plants. Available data

for gasifier ashes, slags and dusts suggest similarities to ashes from con-
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ventional coal-combustion systems.8 The general conclusion from
characterization studies to date is that disposal of gasifier and cyclone
solid wastes should not require management practices substantially different
from those currently used for coal-combustion solid wastes. As noted earli-
er, however, EPA has recently proposed modifications to the current RCRA
criteria which could make the future status of coal-gasification wastes far
less certain. In this context, additional testing of archived samples of
gasifier ash and slag could provide an expanded data base to assess the im-
pact of new RCRA test criteria.

EPA characterization studies also included tar- and oil-discharge
streams typical of fixed-bed gasifiers. These indicated the presence of
polynuclear aromatic compounds (PNAs) including benzo(a)pyrene, one of the
most potentially hazardous PNAs identified in gasifier tars.8 In addition
to toxic or carcinogenic organic compounds, these streams were found to con-
tain many trace elements. Co-disposal of such substances with other solid

wastes could affect their RCRA classification. Since these tars and oils
have relatively high heating values, however, they are quite suitable (and

often used) as a fuel rather than a solid waste. The environmental concerns
in this case could include the ultimate fate of trace metals and the emis-
sion of trace organics from incomplete combustion.

9.3-3. Methods of Environmental Control

We present in this section a very brief overview of current and
developing methods for environmental control of major contaminants at
coal-gasification facilities.

9.3-3A. Air Pollutants

As previously noted, emissions of sulfur species have traditional-
ly constituted the primary air-pollution concern at coal-gasification facil-
ities. Current requlations also focus on emissions of particulates and
nitrogen oxides, while future regulations may address hazardous or toxic
species such as organics and trace metals.
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One of the virtues of coal gasification has been the ability to
reduce atmospheric suifur emissions to levels far below those achievable in
conventional coal-combustion systems. This result is achieved because sulfur
occurs primarily in the form of gaseous HZS (rather than SOZ)’ thus making
it amenable to removal by a variety of physico-chemical acid-gas removal-
processes already commercialized in related industries such as petroleum re-
fining. Whether the acid-gas removal-process is viewed as an environmental
control technology or simply as a process component depends on the process
application. For high-BTU gas production, removal of sulfur is a necessary
part of the process to avoid contamination of methanation catalysts. In the
production of fuel gases, however, the acid-gas removal-step is needed pri-
marily to comply with environmental regulations on allowable SO2 emissions
once the fuel is burned. In this case, it is clearly an environmental con-
trol technology.

Conventional acid-gas removal processes operate in conjunction
with a sulfur-recovery system, which typically converts HZS and other
reduced sulfur species to elemental sulfur, one of the major by-products
from coal gasification. A typical sulfur-recovery system might consist of a
Claus plant with a tail-gas treatment-system. For properly operating sys-

tems, atmospheric emissions would consist of some tajl-gas 302 and/or

HZS in very low concentrations (several ppm). The largest source of SO2 from
coal gasification arises from the combustion of the low- or medium-BTU
coal-gas product, where the HZS not removed by the acid-gas removal-system
is oxidized to 502 on combustion.* This combustion-gas stream is also the
principal source of nitrogen oxide emissions, which are derived from
fuel-bound nitrogen (principally from ammonia not dissolved in the gasifier
quench stream), plus thermal NOX produced from nitrogen and oxygen present
in airblown gasifiers. Nitrogen oxide control measures thus consist of ammo-
nia removal together with combustion controls designed to minimize the for-
mation of thermal NOX by methods such as steam injection, burner-design
modifications, and other standard methods.

This statement applies to fuel-gas applications such as electric power
generation. For other applications, the largest source of SO2 emissions
is Tikely to be an auxiliary coal-fired boiler producing steam for pro-
cess use.

320




1893
5591318 ~JUelg

1893
UWIS020IDTW [10G »

£3101%03
9Inoe JUIPOY

£3101%030340) LY ] » ¥4
AyporusBemy | b 54

Bioassay Tests

£3101x03 9edre
A9JEeM~YBD I > v
43101307

9jnoe os13enby

I0RIIXD WLSY
/ 8uiyoesry ¥

1oeIIX® VYD
/Suryoeery

Leaching
Tests

eBI9Ie QD‘EJ.I'_RS N
sryroedg

Ju9jU0D Y5y "
JU9JU0D IANISTON] >
£1suep dyng N

A3oroydroux
sIomIRg

£31aexd oryroadg 34 » >

UOLNALIISIP
9218~-91013xRd > > s

Physical Characteristics

X

Lxystwaaysorpey » » ¥ »

yse Jo
s1sA[BU®R [RISULIN S

sisf(eue 93ewWIIN
/¥reuaIxorg
spunoduroo
swedag » 4 ~ » o

uotjrsodwroo
JUOWSL 90'L],

Table 9,3-12, Solid-waste data for source test and evaluation programs (Ref, 8),

Chemical Properties

uorjisoduwoo
Tejuswald 18I0,

5 5 2 F "
Wt 5% 2 K -
284 P o )
0P b o5 O & @ §
ogo LY L E oa [ )
n 95 gﬂg ﬂq’msg - R
Brg & g gu g0 Ny &S 8o
(g:.' &-g"pgﬂ 5 8 gH-.&)omH
® g 53 738 8% wo &g k5
<~ ot oORH 8 ]
O 2B 2U G R A% g8

321

Koppers~-Totzek
{Ptolemais)
KRW

.



Table 9.3-13, Summary ranges of chemical concentrations of elements
in RCRA EPA extracts from gasifier ashes, mg/¢ (Ref, 8).

sqsps . B

Elements Fach Hes Range RCRA
High Low g Limit

Aluminum r A < BCb~0. i5

Antimony -° - < 0.005-<0. 050

Arsenic D G, H < 0,002-0,033 5

Barium K F 0,019-7.2 100

Beryllium - - <0.0005-<0, 002

Cadmium L D,F <0,0005-0,1 1

Calcium B c 0.099-mcd

Chromium B D,G <0,001-0,3 5

Cobalt F A <BC-3.3

Copper B D,G <0,001-0.1

Iron E D <0,008-10

Lead H D,FG,L <0, 002-0, 025 5

Lithium G A ND®-0. 29

Magnesium B C 0.036-MC

Manganese B E 0,001-0.5

Mercury - - <0, 0002-<0, 0005 0.2

Molybdenum E A <BC-0.1

Nickel B,E A <BC-0.04

Potassium B I ND-MC

Selenium A C <0,001-0,01 1

Silicon B C 0, 2-MC

Silver K D <0,0005-0, 007 5

Sodium D F 1, 6-140

Strontium B C 0.06-6

Titanium A,B G, I < 0,005-0,1

Vanadium E A ND-0. 07

Zinc C A <BC-4

®The code used in this table to identify source tests is as follows: A, Chapman; B, Wellman-
Galusha (FortSnelling); G, Wellman-Galusha (Glen Gery); D, Riley; E, Lurgi type (Kosovo);
F, Texaco (Ruhrchemie); G, Lurgi (SASOL 1); H,IGT U-GAS; I, KRW-WY subbituminous coal;
J, KRW-Pittsburgh #8; K, KRW-ND lignite; I, Foster-Wheeler/STOIC.

b

<BC = less than or equal to blank concentration.

Call analyses below detection limit,

MC = major compounent,

eND- not detected,

In view of regulatory trends, improved NOX control methods may be
needed in conjunction with hot-gas cleanup systems currently being developed

for application to IGCC power generation. High-temperature pollutant control
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offers the significant advantage of eliminating the need to quench and sub-
sequently treat the condensables from gasifier products. While recent DoE
research on high-temperature removal of sulfur and particular matter appears
to be quite promising, levels of NOX emissions are similar to those currently
required for new coal-fired power plants (i.e., about 0.6 1b/MBTU). Thus,
additional efforts are warranted on high-temperature removal systems to
achieve the much lower levels of NOx emissions currently obtainable with
Tow-temperature gas-treatment processes and commercial flue-gas treatment
systems.

Oiher potential air pollutants from coal-gasification processes
are largely fugitive in nature. Here, the need for or viability of addition- ‘
al control technology remains speculative and large a matter of future regu- 5
latory developments. In these cases, more complete characterizations of '
fugitive organic and inorganic materials are the first step required to as-
sess the need for additional controls.

9.3-3B. Water Pollutants j%

Wastewater-treatment systems at coal-gasification plants are de-
signed primarily to deal with the quench-condensate stream plus smaller
streams such as those from acid-gas removal-processes, ash sluicing, etc.
Several steps are common to wastewater-treatment systems. These include the
stripping and recovery of the ammonia and phenols, which represent poten-
tially useful by-products. This step is typically followed by a biological
oxidation process to remove additional organics. In some instances, there
may be added still another polishing operation such as filtration through
activated carbon.

As noted, requirements for coal-gasification wastewater-treatment
presently depend on state and local regulations. At plants subject to zero-
discharge regulations, treated waters and waste sludges typically are sent
to an impermeable solar evaporation pond in regions where rainfall levels
are relatively low. However, this method is not viable in many parts of the
country. In these cases, some allowable discharge may be Permitted, depend-
ing on local circumstance; otherwise, alternative methods of disposal in-
volving wastewater recycle must be used. No generalizations are possible at
this time since US experience is extremely limited.
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9.3-3C. Solid Waste

Disposal of gasification-plant solid wastes generally involves a
conventional sanitary landfill with an impermeable liner to prevent leaching
into groundwater. As noted earlier, waste disposal methods are determined
principally by whether or not wastes are classified as hazardous by Federal
or state agencies. To the extent that future research leads to innovative
means of utilizing coal-gasification wastes in ways that are economically

productive, the uncertainties and costs of dealing with solid-waste disposal
problems may be greatly ameliorated. Additional discussions of the use and
disposal of ash from gasifiers are given in Sec. 13.2.

9.4, Experience at Commercial Facilities

In recent years, two commercial facilities have come on-line in
the US, which provide the most up-to-date experience in dealing with envi-
ronmental problems of coal gasification. These facilities are the Great
Plains coal-gasification project in North Dakota (producing SNG) and the
Cool Water gasification project in California (producing electricity in an
IGCC). Here, we briefly highlight some of the environmental control issues
and performance data that are available from these plants.

9.4-1. The Great Plains Gasification Plant

The Great Plains facility represents the first US plan constructed
to demonstrate the production of SNG at a commercial scale. Despite the fi-
nancial problems surrounding operation of the plant in the current market
environment, it remains a technological success insofar as production of
pipeline-quality gas is concerned. Environmentally, however, Great Plains
also has demonstrated the potential pitfalls of applying off-the-shelf tech-
nology to new situations. In this case, the Stretford unit employed for
sulfur removal has failed to operate as anticipated, with the result that
emissions have not complied with SOX regu]ations.9 The problem is generally
attributed to the presence of trace compounds in the gas stream which ad-
versely affect Stretford process chemistry and catalyst performance. After
many months of study, however, no solution has yet been found and the plant
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continues to operate under a special variance from the North Dakota Pollu-
tion Control Agency.

Other environmental control systems at Great Plains appear to be
performing adequately, though all details of environmental monitoring have
not yet been made public. Since the Great Plains facility employs a
tar-producing Lurgi gasifier, special attention has been paid to waste-water
treatment and disposal. Cleaned waters from the wastewater-treatment facili-
ty are recycled as cooling-tower makeup-water since no discharge are permit-
ted. Dewatered cooling-tower and wastewater treatment sludges are
incinerated and disposed of with the solid residue by deep-well injection.
Gasifier ash, however, is classified as non-hazardous and is disposed of in
a conventional landfill. A detailed environmental monitoring program is be-

ing carried out as part of the current plant operation under the auspices of
DoE.

9.4-2. The Cool Water Gasification Facility

The 100 Mwe Cool Water coal-gasification project produces conden-
sates from an entrained-bed Texaco gasifier, which are treated in a sour-
water stripper. The effluent is then sent to an evaporation pond along with
clarified waters from the slag- and ash-handling system. Groundwater moni-
toring tests to date indicate no leakage around the evaporation pond or slag

disposal areas.10

The gasifier siag at Cool Water has been designated as
non-hazardous according to Federal and state criteria based on standard
leaching tests for trace elements and organics. Typical results are shown in
Table 9.4-1.

The performance of air pollution control systems at Cool Water has
exceeded that needed to comply with applicable emission 1imits imposed by
California. The principal emission sources are the stacks of the heat-
recovery steam generator (HRSG) and the plant incinerator. Results of com-
pliance testing and supplemental environmental monitoring for the
steam—-generator stack gases are shown in Tabies 9.4-2 and 9.4-3, respective-
ly. Emissions of SOZ’ NOX, and CO are significantly below allowable limits,
with low to negligible levels of trace metals, organics, and other poten-
tially harmful pollutants. Qualitatively similar findings result from com-
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pliance and supplemental testing of the incinerator stack gases, as is shown
in Tables 9.4-4 and 9.4-5.

Table 9.4-1. Results of Cool Water solid-waste tests (Ref, 10),

(a) Gasifier slag: RCRA waste-testing results,

Ignitability Negative
Corrosivity Negative
Reactivity Negative
RCRA EPA Parameters Leachate R.CI.KA Dete cffion
concentration limit 1irnit
Arsenic, mg/l ND 5.0 (<0.06)
Barium, mg/e 0. 039 100.0
Cadmium, mg/g ND 1.0 (<0.002)
Chromium (total), mg/t ND 5.0 (<0. 005)
Lead, mg/e ND 5.0 {<0.08)
Mercury, mg/2? ND 0.2 (<0.0004)
Selenium, mg/s ND 1.0 (<0, 08)
Silver, mg/# ND 5.0 (<0.002)
(b) Gasifier slag: State of California waste-leaching testing results,
Parameter Lea.chate. Califof nia De.te cftion
concentration 1limit limit
Antimony, mg/s ND 15 (0, 001)
Arsenic, mg/s ND 5.0 (0. 003)
Barium, mg/e 25 100
Beryllium, mg/s ND 0.75 (0. 001)
Cadmium, mg/f ND 100 (0. 05)
Chromium, mg/f 1,6 560
Chromium (+6), mg/# ND 5.0 (0. 005)
Cobalt, mg/f 0.14 80
Copper, mg/e 0.25 25
Fluoride, mg/t 3.8 180
Lead, mg/e 0.36 5.0
Mercury, mg/s ND 0.2 (0. 0002)
Molybdenum, mg/f ND 350 (0. 002)
Nickel (total), mg/e ND 20 (0. 001)
Selenium, mg/s ND 1.0 (0. 001)
Silver, mg/s ND 5.0 (0.002)
Thallium , mg/? ND 7.0 {0.002)
Vanadium , mg/t 1 24 (0. 003)
Zinc, mg/L ND 250
LC-50 (96 hours) mg/e > 500

ND = not detected,
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302 control at Cool Water is obtained by using the Selexol
acid-gas removal-process in conjunction with a Claus/Scot sulfur-recovery
system. Sulfur levels in the gas are reduced by 95-97%. NOX emissions are
controlled through steam injection in the gas turbine. When normalized on
coal-energy input, NOX emissions are an order of magnitude below current New
Source Performance Standards for coal-fired power plants. This level is com-
parable to emissions achieved by using selective catalytic reduction systems
on coal-fired power plants in Japan and the FRG.

While the environmental control equipment at Cool Water has gener-
ally performed quite successfully, some aspects of the original design still
remain to be demonstrated. For example, problems encountered during start-up
required incinerating the off-gas stream from the waste-water treatment pro-
cess rather than direct treatment in the Claus/Scot unit as designed. Simi-
larly, some rerouting of plant wastewater and recycle streams directly to
the evaporation pond was required to achieve adequate performance of the
water-treatment facility. Understanding and correction of these problems is
expected as plant operation continues.

9.5, Research Needs and Priorities

We now present a summary of key recommendations related to the en-
vironmental control of coal-gasification facilities. These recommendations
are framed by several general questions regarding the methods and cost of
meeting current and future environmental control requirements: (i) Are ade~
quate control technologies available to meet current environmental control
requirements for surface coal-gasification facilites? Can the performance of
such technology be predicted reliably to assure compliance with current re-
quirements for air, water and solid waste emissions from commercial gasifi-
cation processes? (ii) What are the anticipated trends in future
environmental control requirements, and how will these affect future gasifi-
cation technology in various applications? Is adequate technology and in-
formation available to handle potential future situations? (iii) What is the
potential for significantly reducing the cost of environmental control
through new process development and/or the development of improved control
technology? What research is needed to pursue these opportunities?
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Each of these issues provides a context for research recommenda-
tions. The scope of these recommendations is tailored to the mission of

DoE's Surface Coal Gasification Program. Priorities are designated as either
1 (high) or 2 (lower).

9.5-1. Current Control Technology

Environmental research on coal gasification processes conducted
over the past decade has been focused, to a large extent, on characterizing
the chemical composition of gaseous, liquid and solid waste streams from
various types of gasifiers. This procedure has aided the design of technolo-
gy for air-pollution control, waste-water treatment, and solid-waste dispos-
al, with the result that current environmental control requirements are
generally met, albeit based often on empirical design criteria rather than
fundamental understanding.

Recent experience also underscores the continuing need for more
fundamental research on process factors related to environmnetal control.
Examples from the two most recently commercialized US coal-gasification fa-
cilities serve to illustrate the general point that, while control technolo-
gy is available to meet current environmental regulations, the performance
of such systems cannot always be predicted reliably and, in some cases,
falls short of the mark. Invariably, this problem reflects a lack of basic
understanding of process and chemistry details relevant to environmental
control-system design and performance. The two areas where additional re-
search may be especially productive are in gaseous pollutant removal and wa-
ter treatment/recycle systems. The following research recommendations are
thus suggested with priority 2: (i) Basic research is needed to obtain bet-
ter understanding of the process chemistry related to the control of gaseous
_pollutants. The chemistry of sulfur removal from complex gas mixtures, in-
cluding the effects of trace compounds found in coal-gasification plant pro-
cesses, is a particular area of concern. (ii) Fundamental research is
similarly needed on gasification-process water-chemistry, particularly in
the context of waste-water recycle systems (which offer the potential for
waste elimination). This research should provide a basic understanding of
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the reactions of species and the fate of contaminants common to

coal-gasification process condensates and wastewaters.

9.5-2. Future Environmental Requirements

Our earlier discussion showed that, over the past two decades,
there has been a clear and continuing trend toward more stringent environ-
mental control requirements for energy-conversion processes of all types.
In recent years, environmental requirements have become more comprehensive
in scope, covering emissions to all environmental media (air, water and
land). At the same time, the level of sophistication with which potential
pollutants are identified, measured, and regulated has also increased.
While the nature of future environmental requirements inevitably remains
speculative, the following-general trends are likely to affect coal gasifi-
cation processes: (i) Control of criteria air pollutants (those originally

Table 9,4-2, EPA performance-test results for the Cool Water HRSG stack gases (Ref. 10).

Parameter Units El:::;f: on '?[‘Zssi ';.‘18351:
Sulfur dioxide 1b/hr 35 33.1 16.8
Nitrogen oxides 1b/hr 140 61,2 68.9

ppmv @ 15% oxygen 50 22,8 25
Carbon monoxide 1b/hr 77 .29 3.7
Fluoride 1b/hr None 0, 0053 NR
Mercury 1b/hx None ND NR
Beryllium 1b/hr None ND NR
Sulfuric acid mist 1b/hr None 2.7 NR
Particulate loading 1b/hr None 1.23 NR

a'Approva.l to construct/modify a stationary source: 9 December 1981, EPA
Region II,

ND = not detected at the following detection limits: mercury (<0, 000065
1b/hr) and beryllium (<0, 00016 1b/hx).

NR = not required for the 1985 performance tests.
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Table 9.4-3., Cool Water HRSG stack gases:

supplemental environmental data (Ref, 10).

Eunvironmental parameter Units Mean Del:.ec?mn
value limit
Carbon monoxide ppmv 1
Carbou disulfide ppmv ND (<0.025)
Carbonyl sulfide ppmv ND (<0, 025)
Hydrogen sulfide ppmv ND (<0, 025)
Ammonia ppmv 6
Hydrogen cyanide ppmv 0.01
GC2-C6 Hydrocarbons ppmyv ND (<1)
Benzene ppmv ND (<1)
Hydrogen bromide ppmv 0.33
Hydrogen chloride ppmv 0.73
Hydrogen fluoride ppmv 0.21
Radon-222 pCi/L 0.23
Volatile trace elements detected
Boron ppmv 0,14
Calcium ppmv 4.1
Chromium (total) ppmv 0.063
Copper ppmv 0, 087
Iron ppmv 0. 45
Mercury ppmv 0. 0067
Nickel (total) ppmv 0.32
Silicon ppmv 7.6
Zinc ppmv 0. 49
Organic compounds detected None

ND = not detected,

Table 9.4-4. EPA performance-test results for the Cool Water
incinerator-stack gases (Ref, 10).

Parameter Units Emission 1984 1985

limits Test Test

Sulfur dioxide 1b/hr 4.4 3.2 3.4
Fluoride 1b/hr None 0. 06 NR
Mercury 1b /hr Nomne 0.00015 NR
Beryllium ib/hr None ND NR
Sulfuric acid mist 1b/hr None 0, 0002 NR

ND = not detected at a beryllium detection limit of <0, 000002 1b/hr .

NR = not required for the 1985 performance test.
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Table 9.4-5, Cool Water incinerator-stack gases: supplemental
environmental data (Ref, 10),

Environmental parameter Units Mean Det‘ecfxon
. value limit

Carbon monoxide ppmv 26
Carbon disulfide ppmv ND (<0, 025)
Carbonyl sulfide ppmv ND (<0.025)
Hydrogen sulfide ppmv ND (<0, 025)
Ammonia ppmv 18
Hydrogen cyanide ppmv 0,014
Nitrogen oxides ppmv 64
C2-Cb hydrocarbons ppmv ND (<1)
Benzene ppmv ND {(<1)
Hydrogen bromide ppmv 0. 26
Hydrogen chloride ppmv 1.5
Hydrogen fluoride ppmv 0.072
Radon - 222 pCi/L 0.56
Volatile trace elements detected

Boron ppmv 0.22

Calcium ppmv 2,5

Chromium (total) ppmv 11

Cobalt ppmv 0,051

Iron ppmv 7.8

Magnesium ppmv 1.2

Manganese ppmv 0,34

Mercury ppmv 0.12

Nickel (total) ppmv 62

Silicon ppmv 1,7

Sodium ppmv 0.63

Titanium ppmv 0.15

Zinc ppmv 0. 37
Orgauic compounds detected None

ND = not detected.

regulated by the 1970 Clean Air Act, e.g., SOZ, particulate matter, NOx,
HCs, and photochemical oxidants) will continue to be important. Recently,
the NSPS for combustion-related pollutants have tended to become more strin-
gent as control-technology capabilities have improved. In terms of future
developments, the commercialization of technology yielding much lower emis-
sions of NOX at coal~-fired power plants than were heretofore required may
compel further tightening of current NSPS requirements in the future, par-
ticularly if NOX emissions prove to be implicated in environmental issues
such as acid rain. (ii) Hazardous and toxic air pollutants are likely to be-
come more heavily regulated in response to concerns over their health and
ecological impacts. In the context of coal-gasification processes, this
problem could affect emissions of heavy (trace) metals and organic compounds
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emitted in small quantities. (iii) Zero discharge of waste-water contami-
nants can be expected to continue to be the prevailing philosophy guiding
reguiatory requirements at the Federal, state and local levels. This re-
quirement could have significant implications for commercial
coal-gasification facilities in parts of the country where relatively simple
methods such as solar evaporation ponds cannot be used. (iv) The disposal of
solid as well as liquid wastes will come under increasing scrutiny to ensure
that waste materials by-products and potential leachates are environmentally
benign. Criteria defining hazardous and toxic substances are likely to
evolve as new measurement techniques and research results become available.

Research recommendations flowing from these observations include
the following with priority 1: (i) Sustained research js needed to charac-
terize emissions of trace metals, organic compounds and other potentially
hazardous or toxic substances to air, water and land emanating from
coal-gasification process streams, control technologies, fugitive emission
sources, and leachates. (ii) Continued research is similarly needed in the
areas of solid and liquid waste management, particularly the characteriza-
tion of wastes under evolving RCRA criteria, and the utilization of solid
residues as by-products rather than wastes. Understanding of the fate of
organic and inorganic contaminants in the environment, both near-source re-
actions and longe-range transport, is needed.

9.5-3. Advanced Control Technology

Environmental-control systems currently account for a significant
portion of total coal-gasification process-costs, so that high priority must
be assigned to novel or advanced methods for reducing these costs while
maintaining environmental quality standards.

The ability to eliminate or substantially simplify environmental
control processes will depend, in part, on the gasifier design and perhaps,
more substantially, on process application. Thus, processes yielding gas
for use at room temperature invariably produce condensates requiring some
degree of waste-water treatment, in addition to gaseous pollutant removal
(although gasifier types such as entrained beds produce inherently cleaner
condensates than others, e.g., tar-producing fixed-bed gasifiers).
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On the other hand, gasifier applications for electric power gener-
ation offer the potential for significant simplification of environmental
control systems by using hot-gas cleanup. Removal of pollutants at high
temperatures, followed by combustion of the gaseous products, not only
yields improved process efficiency but also eliminates several unit opera-
tions required for low-temperature processing (e.g., waste-water treatment).
The ongoing DoE research program on hot-gas cleanup offers an excellent op-
portunity for major improvements of this nature. Our priority 1 research
recommendations are: (i) Current DoE research on hot-gas cleanup is impor-
tant, generally well-focused, and deserving of strong continued support.

Key research needs have been identified and are being pursued to develop vi-
able means of particulate and sulfur removal at high temperature using gas
treatment and/or in-bed removal processes. (ii) Additional research appears
to be needed to ensure that NOX emissions with hot-gas cleanup systems can
be controlled to the same degree that is achjevable with current
low-temperature coal-gasification systems and combustion-gas treatment de-
vices. Such levels are an order of magnitude Tower than current NSPS re-
quirements, but represent reasonable targets for on-going research and
development.
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CHAPTER 10:
COAL BENEFICIATION*

This chapter is an introduction to coal beneficiation. It
includes a brief review of current commercial practices and several
developmental coal-cleaning methods. Recent advances in coal beneficiation
processes have been driven by environmental concerns and the desire to
produce superclean or ultraciean coal to make coal-water slturry fuels. Coal-
water slurry fuels are being developed as a potential replacement for No. 6
fuel o0il in oil-fired power plants. Some of these techniques may also find
applications in coal gasification.

Coal beneficiation research should focus on attaining a better
understanding of coal morphology and on developing innovative coal-cleaning
methods that can yield high ash and sulfur removals from coal in a
cost-effective manner.

10. 1. Background

Coal beneficiation is basic to coal-conversion processes because
most of these technologies are designed to handle coals that have specific
properties. Mined coal does not conform to these specifications. For
example, Lurgi gasifiers require coal that is approximately 2 in to 1/4 in
in size, while Koppers-Totzek gasifiers require coal that is 90% less than
200 mesh in size. It is evident that lower levels of impurities in the
coal reduce cleanup required during conversion or post-conversion

* This chapter has been prepared by Suman P.N. Singh, Chemical Technology
Division, Oak Ridge Natijonal Laboratory (ORNL), Oak Ridge, TN 37831. ORNL
is operated by Martin Marietta Energy Systems, Inc., under contract
No. DE-AC05-840R21400 with the U.S. DoE. The author thanks R.E. Hucko
(DoE, PETC) for assistance in providing recent information on developmental
coal-cleaning technologies funded by PETC.
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processing. Coal beneficiation has received far less attention than other
cleanup technologies. As environmental laws become stricter, greater
reliance is 1ikely to be placed on coal beneficiation in order to comply
with regulatioens.

Raw coal ranges in size from large rocks to dust. In addition to
the organic coal matter, the mine product contains shale from mine
partings, stray machine parts, pieces of lumber, water and ash, as well as
other mineral impurities such as pyrites. The raw mine product is often
referred to as run-of-mine (ROM) or as-mined coal.

Coal beneficiation is a generic term that is used to designate
the various operations performed on the as-mined coal to make it more
suitable for end-use application without destroying the physical identity
of the coal. Coal beneficiation includes coal preparation and washing. 1In
the past, when the primary need was for lump coal, coal beneficiation
consisted of manual operations such as hand picking of coal lumps from the
mine product. In recent years, the term coal beneficiation has been
redefined to include the entire spectrum of operations, ranging from the
relatively simple crushing and size classification operations (that are
almost routinely performed on all coals used today) to rather elaborate
chemical and microbial processes that are being developed to render the
ROM coal more suitable for the end-use process.

The extent to which a coal is beneficiated is determined by
several factors such as the ROM coal ash, sulfur, and moisture levels; end
use; emissions requlations on the end-use facility; and market forces. For
example, if the coal is to be burned in an existing utility boiler with
soft emissions regulations, the extent of the beneficiation is likely to
be minimal and may consist only of size reduction and rock removal.
However, at the other extreme, if the coal is a raw material for the
manufacture of a high-value product (e.g., activated carbons or carbon
electrodes), the level of beneficiation may be quite extensive and a much
higher coal cleaning cost is justified because of the higher value obtained
for the cleaned-coal product. Beneficiating the coal has the following
advantages: (i) The cleaned coal is more uniform in size, composition,
calorific value, and moisture content. When the cleaned coal is consumed,
it results in more reliable and uniform operation. (ii) By reducing the
ash in the coal, beneficiation contributes to reduced slagging and fouling
in the furnace, thus increasing boiler on-steam avajlability, decreasing
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maintenance, and lowering overall operating costs. (iii) Reducing the
sulfur level in the coal reduces sulfur oxide emissions after combustion
and, thus, decreases flue gas desulfurization (FGD) requirements. This
decrease may translate into reduced production costs. Sulfur oxide
emissions from power plants have been implicated as one of the major
precursors of acid precipitation (acid rain).1 (iv) Removal of the
associated mineral matter and sulfur from the ROM coal results jin lower
transportation costs for shipment of the same energy value, higher
combustion efficiency, and reduced ash disposal and FGD requirements for
the same furnace calorific value. (v) The moisture content of the cleaned
coal may be reduced, thereby yielding improved coal handling and burning
characteristics. This procedure leads to more efficient fuel use because
less energy is wasted in drying the coal. (vi) Beneficiation can be used
to tailor the coal to customer specifications, thus creating a higher value
for the prodﬁct. (vii) Beneficiation may allow the use of many high-sulfur
and high-ash coals which could not otherwise be used, thereby increasing
the usable energy-resource base.

Coal beneficiation also has negative aspects. The major
disadvantages are as follows: (i) Beneficiating the coal results in reduced
marketable coal output from the mine product because some of the coal is
discarded with the refuse.. (ii) Beneficiating the coal involves capital
and operating costs that must be recovered and result in higher prices
for the product coals. (iii) The beneficiation-plant operator is
confronted with the problems and cost of disposing of the plant refuse in
an environmentally acceptable manner. These problems are either absent or
significantly reduced when as-mined coal is shipped directly to the
consumer. ,

The advantages of some coal beneficiation generally outweigh the
disadvantages. A study by Hoffman et a].z indicated that coal
beneficiation, combined with FGD, appeared to offer the most economical
means of achieving sulfur oxides emission control for coal-burning
facilities at an SO2 emissions limit of 1.2 1b/106 BTU. . ‘As emissions
regulations become more stringent, coal beneficiation will become more
attractive.. For some coals, beneficiation may eliminate the need for FGD
systems.2
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Coal is expected to provide an increasing share of National energy
needs. According to the U.S. Bureau of Mines,3 coal use for power gener-
ation alone in the US is expected to rise from 52% in 1986 to 63% by the
year 2000. Future coal-utilization plants will be required to meet increas-
ingly stringent environmental regulations that are motivated by acid preci-
pitation and solid-waste disposal concerns. The supply of compliance-
quality coal may be limited; if so, coal beneficiation will play an increas-
ingly important role in meeting the Nation's energy needs in an environmen-
tally acceptable manner.

Summaries of current coal beneficiation methods and recent
advances in coal cleaning are given in the following sections and will
provide a perspective of the technology. References 4-7 may be consulted
for further details.

10. 2. Current Commercial Practice

Current commercial coal preparation reljes primarily on physical
(mechanical) processes to beneficiate the coal. The chemical, microbial,
and other novel coal beneficiation technologies of recent origin are at
various levels of process development. None of the novel methods have
found commercial application because their use is not yet cost-effective.

Physical beneficiation processes involve gravity separation,
centrifugal action, the use of surface tension, and magnetic separation to
separate lower~density coal matter (specific gravity ~ 1.2) from higher-
density impurities (specific gravity > 2.5). Physical beneficiation
processes generally consist of combinations of some or all of the following
unit operations:

Size reduction - This operation consists of reducing the size of
the coal received from the mine (often 24 in x 0) to more manageable
dimensions. Size reduction is usually accomplished by using equipment such
as rotary breakers, impact mills, and single~ and double-roll crushers.
Sketches of some typical size-reduction equipment are shown in Fig. 10.1.

Size Classification - This operation consists of segregating the
coal into various size fractions to facilitate downstream processing.

Both the ROM coal and the crushed product may be classified into different
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size fractions. Equipment for size classification includes stationary,
vibrating, and cross-flow screens and classifying cyclones. Figure 10.2
presents some sketches of typical size-classification equipment.

Cleaning - This operation, which is at the heart of many
coal-beneficiation plants, primarily involves separation of the physically
attached sulfur compounds and/or mineral impurities (of higher specific
gravities) from the coal (of lower specific gravity). It is often
accomplished by using jigs, cyclones, and concentration tables, which
utilize a combination of frictional, gravitational, and centrifugal forces
to effect an apparent density-differential separation between the coal and
its sulfur and mineral impurities. Schematics of typical equipment used in
coal-preparation plants are given in Fig. 10.3.

Another commonly used cleaning method is heavy-medium separation,
in which we employ an intermediate specific-gravity suspension of fine,
dense minerals (e.g., magnetite or sand) in water to effect the desired
separation. In general, heavy-medium separation results in a fairly high
recovery of the clean coal, although the clean coal must be separated from
the dense medium before it can be either used or processed further.
Because of this additional processing step, heavy-medium separation incurs
higher operating costs than similar beneficiation processes using only
clear water.

Froth flotation processes are also generally used to beneficiate
very fine-size (28 mesh x 0) fractions. In froth flotation, the coal is
beneficiated in a liquid medium (water) by finely dispersed air bubbles
which are injected into the coal bath and float the very fine, clean-coal
particles to the liquid surface, where they are mechanically skimmed. A
surfactant is generally added to the coal bath in order to render the coal
more hydrophobic and thereby facilitate coal flotation. Impurities
associated with the coal sink to the bottom of the vessel, from which they
are then removed for eventual disposal.

Drying - This unit operation involves reduction of the coal

moisture-content to the desired value. Various types of equipment such as
screens, filters, centrifuges, and thermal dryers are used to dry the coal,

depending on the moisture content desired in the product coal. Figure 10.4
is a sketch of a fluidized-bed coal-dryer installation.
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(a) Rotary breaker

(c) Hammer impact mill

Fig. 10.1. Sketches of typical size-reduction equipment used in coal preparztion plants,
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(2) Double-deck, mechanically vibrated screen

(b) Mechanically vibrated bar grizzly

Cake discharge — Sieve bend

(c) Sieve bend

Fig. 10.2. Sketches of typical size-classification equipment used
in coal-preparation plants,
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Coal-preparation plants use combinations of these unit operations
in treating different size fractions of the raw coal, depending on
specifications of the coal to be produced. The minimal level of
beneficiation consists of size reduction, some size classification, and
removal of trash and some mineral matter but essentially no sulfur
reduction. At the minimal level, coal yields and energy recovery range
from 98 to 100% of the ROM coal. Full-scale beneficiation consists of a
thorough cleaning of the as-mined coal and involves all of the specified
operations. Cleaned coal yields at this level range from 50 to 80%, with
energy recoveries between 75 and 95% of the as-mined coal.

Coal-beneficiation costs vary because they are project- and
coal-specific. Current coal-preparation plants are largely customized for
specific applications. Generally, coal-preparation costs range between $5
and $15 per ton of cleaned coal, depending on the level of beneficiation.

10. 3. Recent Advances in Coal Cleaning

Advances in coal cleaning have historically tended to be
evolutionary rather than revolutionary. The energy crisis of the 1970s,
together with increased environmental activism, has led to the development
of several novel approaches to coal cleaning. Most of the new methods are
based on chemical processes to remove more of the impurities from coal
than is possible with conventional mechanical techniques. Several novel
physical and some microbial methods were also examined during this period.
A Tist of these novel technologies is presented in Table 10.1. However,
because of improving market conditions for petroleum products in recent
years, the national interest in developing a viable synthetic fuels
industry has withered and further R & D on most of these novel technologies
has essentially ceased.

The impetus for recent advances in coal-cleaning methods has come
mainly from the drive to produce superclean or ultraclean coal for use in
coal-water slurry (CWS) fuels and concerns that emissions from coal-fired
power plants are major precursors of acid rain. CWS fuels typically
contain 70 to 75 wt% coal pulverized to -200 mesh, 24 to 29 wt% water, and
~ 1 wt% chemical additives to provide storage stability and improved flow
characteristics.8 The coal used in CWS fuel must contain only very low
lTevels of ash ( < 5%) and sulfur ( < 1%). As a result, new deep-coal-
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cleaning methods are being developed. Table 10.2 1ists some of these.
Further details on these new processes may be obtained from Refs. 9-15.

10. 4. Conclusions

Coal beneficiation has not received the attention given to coal
combustion, gasification, or liquefaction for the following reasons: (i)
Beneficiation is often regarded as a part of the overall conversion
process. (ii) Coal preparation lacks the scientific appeal of the other
technologies. (iii) Because coal is a commodity, market forces dictate its
production at as low a cost as possible. Since beneficiation increases the
coal cost, its use is minimized as far as possible.
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Fig. 10 4, Sketch of a fluidized-bed coal-dryer installation.

(iv) Past emissions regulations could generally be met by installing
controls downstream of the conversion step. However, while FGD is a
plausible emission-control method, it is expensive and has less—~than-
desired reliability. As emission regulations are tightened, coal
beneficiation may be required.
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Table 10.1, Novel coal-beneficiation technologies developed during
the 1970s and early 1980s,

Physical beneficiation processes Chemical beneficiation processes
Dry table separator Meyers
Magnex process Battelle hydrothermal
High-gradient magnetic separation (wet or dry) Ledgemont
Chemical comminution KVB
Selective oil agglomeration PERC oxidative desulfurization
Microwave coal cleaning JPL low-temperature chlorinolysis
Two-stage froth flotation ARCO promoted oxydesulfurization
Otisca process

Table 10 2., Novel developmental coal-cleaning processes of
recent origin,

Tecknology Developer Reference(s)
Physical Methods
Ultrasonic comminution Eunergy Minerals Research Co, 9,10
Dry electrostatic separation Advanced Energy Dynamics, 10
' Inc,
Microbubble flotation Bechtel National, Inc./ 10

Bergbau Forschung GmbH

Otisca-T process Otisca Industries Ltd. 11

Chemical Methods

Microwave treatment General Electric Co. /TRW 10

Gravimelt process TRW 12,13

Supercritical extraction Consolidated Natural Gas 14
Research Co,

Agueous cupric chloride treatment ORNL 15

Sodium hypochlorite treatment Signal Research Co, 15

Microbial Methods

Microbial coal cleaning using thiobacillus Atlantic Research Corp., 10
ferrooxidans, sulfolobus acidocaldarius Institute of Gas Technology,
and other bacteria Lehigh University
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2,4,16,17

Several authors have shown that coal beneficiation,

either alone or in combination with FGD, is a cost-effective sulfur oxide

18 have shown

emissions control strategy. The authors of a recent study
that the use of specially beneficiated coal in a moving-bed gasifier leads
to sharp (70 to 90%) reductions in sulfur-emission levels and tar formation
and to significantly higher ( ~ 83%) gasification efficiency.

While R & D on chemical coal-cleaning processes has not yet led
to a commercial process, R & D on physical methods is responsible for
development of the Rotating Probability (RO-PRO) screens and the BATAC
Jig. Chemical processes that reduce coal-ash and sulfur contents to very
low levels are, at present, too expensive and, therefore, R & D effort

should focus on cost reductions for these technologies.

DoE research efforts should be directed toward two aspects of
coal beneficiation: (i) gaining a better understanding of coal morphology
and (ii) developing innovative coal-cleaning technologies through the
small (e.g., 20~ to 50-1b/hr) pilot-plant scale. Research on coal
morphology is important in order to guide the development of more
efficient coal-cleaning methods and should receive perhaps 30% of the funds
allocated for coal beneficiation R & D.
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CHAPTER 11:
OPTICAL DIAGNOSTICS FOR IN SITU MEASUREMENTS IN
COMBUSTION ENVIRONMENTS CONTAINING COAL PARTICLES*

Abstract - Much of the recent progress in understanding pulverized coal com-
bustion is attributable to the use of new optical diagnostics for in situ
measurements of gas temperatures, concentrations of major and trace gas spe-
cies, particle-size distributions, particle-surface temperatures, and gas-
and particle~velocity fields. In addition, advanced methods, which are now
undergoing laboratory development and validation, hold promise for measuring
in situ the composition of both entrained particulates and deposits on mate-
rial surfaces exposed to coal-combustion environments. There is great po-
tential for more widespread application of these techniques in the future,
particularly in laboratory bench-scale studies. We describe some of the
more promising of these new optical methods. This is not intended to be a
comprehensive review but rather draws heavily on many of our own experienc-
es. The emphasis is on studies of entrained-flow environments derived from
the combustion of pulverized coal. These environments are hostile with re-
gard to in situ optical interrogation in the sense that they are character-
jzed by high temperatures, high particulate loadings and flow turbulence,
and require the use of windows that 1limit optical path lengths and
signal-to-noise ratios.

*  This chapter has been prepared by D.R. Hardesty and D.K. Ottesen (Sandia
National Laboratory, Livermore, CA 94550) and was presented by the
authors at a NATO Workshop on "Fundamental Physical Chemical of
Pulverized Coal Combustion," Les Arcs, France (July 30, 1986). The
instrumentation requirements for coal gasification are similar to those
for direct coal combustion and experimental facilities are interchange-
able.
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After presenting an outline of diagnostics requirements, we
present a framework, in terms of two principal classes of flows, for consid-
ering the relevance of various techniques in applications involving combus-
tion flows with pulverized coals. We discuss advantages and limitations of
in situ methods for (i) measuring gas-phase temperatures; (i) measuring the
major and minor gas species concentrations; (iii) measuring particulate
properties, including sizes, temperatures, velocities, number densities, and
flux; and (iv) measuring gas velocities in the presence of a broad distribu-
tion of particle sizes. Special consideration is given to our most recent
work on the application of laser spark-spectroscopy for in situ measurement
of the elemental composition of entrained particulates.

11.1. Introduction

Recent progress in understanding pulverized-coal combustion is at-
tributable, in part, to the use of new optical diagnostics for in situ mea-
surements of gas temperature, concentrations of major and trace-gas species,
particle-size distribution, and gas- and particle-velocity fields. There is
great potential for more widespread application of these techniques in the
future, particularly in laboratory bench-scale studies. In addition, ad-
vanced methods, which are now undergoing laboratory development and valida-
tion, hold promise for in situ measurement of the composition of both
entrained particulates and deposits on material surfaces exposed to
coal-combustion environments. We emphasize the features of optical diagnos-
tics that have the greatest potential for near-term application to detect
the properties of gaseous or particulate species in small-scale
pulverized-coal (PC) combustion experiments. These experiments contain many
of the hostile features of practical combustors (e.g., high temperature,
high particulate loadings, and flow turbulence).

11.2. Diagnostics Requir‘ementsl’2

Perhaps the key ingredient in defining the applicability of any
optical technique for PC studies is the degree of temporal and spatial reso-~
lution required. A1l other requirements are derived from the specific
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parameters to be measured and depend upon the diagnostic system itself. To
order this discussion, we define two classes of PC combustion fiows as shown
schematically in Fig. 11.2-1. Class I includes all wall-bounded, laminar
and turbulent duct flows, while Class II refers to mixing, ducted, laminar,
or turbulent shear flows. Unconfined, premixed or diffusion flames are spe-
cial cases of Class I or Class II, respectively. With the notable exception
of suspended or electrodynamically-levitated particle experiments, these
represent the two 1imiting cases of the myriad of possible Taboratory-scale
PC combustion studies. q1ear1y, some methods are useful in some applica-
tions but have little advantage over more conventional methods (e.g., intru-
sive probes for thermometry and gas or solids extractions) in others. Where
the measurement needs suggest that an optical technique be applied, consid-
eration of the key features of the two classes of flows in Fig. 11.2-1 helps
to define diagnostics requirements.

11.2-1. Characteristics of Class I Flows

The important features of Class I flows include: (i) well mixed
gases; (i1) temporal steadiness; (iii) negligible pressure gradients;
and (iv) plug flow, where reaction zones extend along the space coordinate
or are very small or near zero in extent (e.g., in the post-flame zone).
Mean radial gradients in temperature, velocity, or particulate loadings are
either negligible (distribution curve A) or at most are on the order of the
transverse duct dimension (distribution curve B) due to, for example, a
nearby bend in the duct. In some cases, smaller characteristic dimensions
and steeper gradients arise due to the presence of surfaces inserted in the
flow.

The range of gas-phase parameters for Class I flows is: tempera-
ture, 1100 to 2000 K; major species concerntrations (in mol1%) from 0.03
(H20) to 0.8 (N2); minor species concentrations from a few to 100 ppm for
SO3 and less than 2000 ppm for NO and SOZ. Concentrations of CO due to
incomplete combustion may range from a few hundred ppm to several percent.
In addition, at combustion temperatures, volatilization of some mineral spe-
cies such as vanadium, sodium and potassium occurs. For typical amounts of
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Fig, 11.2-1.

Two principal flow regimes for PC combustion. Class I wall-
bounded duct flows; Class II: mixing and ducted shear flows,
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these species in the unreacted coal, the highest concentrations to be ex-
pected are on the order of 25 ppm for sodium and potassium and 1 ppm for
vanadium. Concentrations of these mineral species in the tens to hundreds
of ﬁpm will occur after cooling and condensation.

As noted, an important feature of any coal-derived flow is the
high lToading density of entrained particulates including coal, char, free
mineral matter, soot and fly ash. Mass-loading densities are typicially
weighted toward the large particle sizes. Of special importance for optical
measurements is the wide distribution of both size and particle number den-
sities. Figure 11.2-2 summarizes several recent observations of the
number-size distribution of particulates in a variety of typical steady com-
bustion environments. Particle velocity is a function of the mass and size
of the particle and may range from a few to a hundred m/sec. In general,
particles of different sizes move at different velocities because of the
slip with the gas stream.

11.2-2. Diagnostics Considerations for Class I Flows

For these steady flows, requirements on temporal resolution are
minimal; time-averaged measurements are adequate. An exception is the case
where both the mean value and turbulent fluctuations of velocity are re-
quired, e.g., for heat-transfer estimates. Similarly, requirements on spa-
tial resolution are generally not severe, e.g., none for flat(A) profiles or
about 0.1 of the duct diameter for a skewed (B) profile. In view of these -
relaxed requirements on resolution, intrusive isokinetic probes (where sam-
pling velocities match the mean gas flow velocity) may be valid diagnostic
candidates. The alternative choice of an optical method would have to be
based on other considerations such as the inherent errors and flow distur-
bances introduced by intrusive probes. For Class I flows, line-of-sight as
well as spatially-resolved optical methods are generally applicable. Either
may yield the desired information for a flat radial profile (A). However,
most of the advance optical methods require tight focusing of laser beams,
either in brincip]e or to overcome natural signal to noise limitations.
Thus, a spatially resolved measurement is obtained whether it is needed or
not.
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Fig. 11.2-2. Particle number densities and particle sizes for soot, PC
fines and fly ash in combustion flows; see Ref. 1 for the
literature citations given in the legend.
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11.2-3. Characteristics of Class II Flows

The important features of CLass II flows include: (i) locally un-
mixed gases and particulates with potentia]]& steep gradients in all proper-
ties; (i1) locally unsteady flow with substantial turbulent fluctuations;
(ii1) finite mean pressure gradients and three-dimensional flow, both in the
mean and in the turbulent fluctuations; (iv) particle motion may have sig-
nificant inertial components; and (v) the range of mean values for the con-
centrations of gaseous and particulate species is from zero to the levels
indicated for Class I flows. Local zones of high temperature and high rates
of chemical reaction can generate high levels of intermediate species such
as the free radicals OH and CZ'

11.2-4. Diagnostics Considerations for Class II Flows

The unsteady, three-dimensional, steep gradient character of such
flows generally precludes the application of line-of-sight optical diagnos-
tics. The exceptions to this include visualization techniques that may be
of use in whole flame observation and line-of-l1ight indicators of gross
flame behavior. The existence of regions of steep gradients and high turbu-
lent intensities imposes severe constraints on diagnostics. High spatial
resolution is required to measure local properties (on the order of 1 mm3
for small geometries and perhaps 1 cm3 for large flows). As indicated by
the schematic of a typical local probability density function (PDF) of,
e.g., gas temperature in the reacting shear layer, Class II flows have re-
gions where fluctuations about the local mean value are bimodal; the conven-
tional definition of the mean value may be very misleading. In such
regions, high temporal resolution is required in addition to high spatial
resolution. Adequate time resolution for Class I flows is likely to be on
the order of 50u sec. In other words, single-pulse measurements with pulse
widths less than 50u are dictated; the PDF must be constructed from an en-
semble of such single pulse data. In some cases, such as for a single-
particle-counting diagnostic system, this process occurs naturally and the
number of counts of particles in each size bin is stored. In other cases,
as in any of the Raman scattering techniques, the diagnostic must be
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specially configured to acquire single-pulse information. In still others,
as in laser-Doppler velocimetry, an ambiguous jumble of information may be
generated due to the difficulty of distinguishing true turbulent fluctua-
tions from variations caused by the size dependence of particle velocity.
Locally high concentrations of reaction intermediates (such as OH and C2)
may be exploited in some diagnostics to sense local temperature or zones of
incipient soot formation. On the other hand, the presence of C2 and other
reaction-generated hydrocarbon species can have strong adverse noiseinducing
consequences on laser-based-diagnostics.

In Class II flows, probe measurements of local values of gas tem-
perature, species concentrations and particulate ldadings are highly ques-
tionable from virtually every technical viewpoint. Without exception, it
would be advantageous if a suitable, nonintrusive optical diagnostic with
the required spatial and temporal resolution were available for measuring
each important local property in Class II flows. As is discussed in the
following sections, in principle, this is the case. In fact, however, there
have been few validated measurements using advanced optical methods in flows
where coal or coal sturry fuels have been used.

11.3. Gas-Phase Temperature Measurement

In this and in the next section, promising and principally
laser-based optical methods for measuring the temperature and concentrations
of major and minor gas species in Class I or II PC combustion are
summarized.

11.3-1. Raman Scattering Techniques

Temperature measurement in flames using Raman spectroscopy has
been an active area of research for more than a decade. For most applica-
tions of Raman scattering in combustion, temperatures are calculated from
vibrational or rotational popu]ation distributions in N2, which is at high
concentration levels in nearly all regions of air-fed flames. 1In addition,
it has been demonstrated that the rotational and vibrational modes of N2 are
close to equilibrium with the translational mode for the great majority of
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combustion situations. Raman scattering has the important advantage that
the temperature can be calculated from relative scattering intensities for
different transitions.

11.3-1A. Spontaneous Raman Scattering

Spontaneous Raman scattering (SRS) is a proven temperature-
measurement technique and has been widely applied in clean flames. Incident
photons (usually from a fixed-frequency laser) are scattered at frequencies
which are shifted by the energy difference between two vibration-rotation
levels. Temperature measurements are typically performed by using the ra-
tios of the intensities of the Stokes (Tower frequency) and anti-Stokes
(higher frequency) signals or by resolving the Raman signal spectrally (us-
ing either Stokes or anti-Stokes lines) and fitting theoretical curves to
the data. Application of spontaneous Raman scattering to Tuminous flames
has been complicated by the weakness of the Raman signal relative to back-
ground emission. The presence of particles in combustion gases introduces
severe problems for any SRS method. Incandescence from hot particies may
swamp the weak SRS signal. In some cases, background-subtraction tech-
niques, combined with high-power pulsed lasers and gated detection, may cir-
cumvent this continuous background problem. However, excessively high
energy laser pulses heat particles above the gas temperature,3 causing
additional radiation and fluorescence modulated at the laser frequency, ra-
diation which cannot be eliminated by gated-detection and
background-subtract%on techniques. It appears that only one rather unique

approach4

is suitable for making time-averaged SRS measurements in luminous,
particle-laden flows. The system uses a cavity-dumped argonion laser of in-
termediate peak power (50-100 W) and short pulse length (20 ns), combined
with a high repetition rate (106 sec -1) to obtain moderate average power
(0.5-1.0 W). The synchronous detection sampling gate is 25 ns. This system
improves the average signal-to-background ration by a factor of 10 relative
to a similar system using a 5 W cw laser. F]ower5 validated the feasibility
of making time-averaged temperature measurements in highly luminous flows by

this method. Application of the technique is restricted to environments
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which are steady over the time period required for the measurement (1 to 10
minutes with an optical multichannel detection system.)

11.3-1B. Stimulated Raman Scattering Techniques

Stimulated Raman scattering techniques have important advantages
over spontaneous Raman techniques for probing luminous, particle-laden or
turbulent flows. In the most widely developed method, coherent anti-~Stokes
Raman scattering (CARS), the Raman-scattered signal is emitted coherently,
i.e., it has the laser-like directionality. Thus, much greater discrimina-
tion against background luminosity is possible. Further, signal levels are
usually sufficiently high that temperature measurements are possible with a
single Taser pulse for both Class I and Ctass II flows. CARS requires two
lasers, a pump laser and a Stokes laser. A CARS experiment is depicted
schematically in Fig. 11.3-1. When the difference frequency between the
pump laser (wp) and the Stokes laser (ws) corresponds to a Raman resonance
(ws) of the probed species, a signal at the anti-Stokes frequency Z(wp-ws)
is generated. The Stokes laser must be either tunable or broadband and is
typically a dye laser. The response of the molecule to the pump and Stokes
beams can be described in terms of the third-order resonant susceptibility.
The susceptibility can be divided into a resonant part, which has a strong
frequency dependance, and a nearly frequency-independent nonresonant compo-
nent. The resonant and nonresonant signals interfere and the disappearance
of the resonant signal into the nonresonant background determines the sensi-
tivity 1imit for CARS. As will be shown, there are essentially two ap-
proaches, scanned CARS, a time-consuming method, and broadband CARS, a rapid
and more promising approach for PC combustion studies. Much current re-
search on broadband CARS is devoted to improving the accuracy and precision
of single-pulse temperature measurements. The precision of the technique is
presently limited by frequency noise in the broadband dye-laser spectrum.

Accurate modeling of CARS spectra is necessary to extract quanti-
tative temperature and concentration information. Such modeling requires
molecular Tinewidths and transition frequencies. The molecular susceptibil-
ity must be convoluted with the laser linewidth in order to com-pare theo-
retical and experimental spectra. The temperature is deduced by
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least-squares fitting of computer-generated spectra to obtain the best match
to experimental spectra. Because this least-square fitting is such a time-
consuming procedure, varijous fast algorithms have been developed for single-
pulse broadband CARS temperature measurements.

11.3-1C. Application of SRS and CARS to Pulverized Coal Combustion

Although background flame emission is rarely problematical in CARS
measurements, the interaction of the high-intensity laser beams used for
CARS with particles in the flame causes difficulties. As has been noted,
the laser radiation may heat particles to very high temperatures and cause
laser-modulated particulate incandescence. Other, more subtle effects occur
in particle~laden flows, particularly in the case of soot-laden environ-
ments. When’soot particles are rapidly heated by laser absorption, Cz_con-
centrations increase considerably in the gas phase surrounding the
particles. Interferences can arise in the CARS measurements as the result
of laser-induced C2 fluorescence. In flows seeded with coal slag, Beiting6
observed a coherent background signal in the region of the nitrogen spec-—
trum, which interferes with CARS thermometry. The source of the background
has not been fully explained.

Recently, Lucht7 completed the most systematic jnvestigation to
date of the applicability of CARS for gas-phase temperature and species con-
centration measurements in a PC combustion environment. Using a well-
controlled, coal-seeded laminar flow reaction, CARS spectra of oxygen and
nitrogen were successfully acquired and temperatures were determined from
theoretical fits to nitrogen spectra. Significant spectral interferences
were observed in the oxygen spectra because of laser-induced particle break-
down at high laser power. Lucht used the system shown in Fig. 11.3-1. The
pump and Stokes beams were generated by a Molectron Nd:YAG laser and
Quanta-Ray dye laser. The 532nm, frequency-doubled 10 Hz output of the
Nd:YAG Taser serves both as a CARS pump beam and as a pump for the dye laser
(bandwidths are 0.1 and 0.2 cm—l, respectively). The pump beam is split
into two equal intensity beams; all three beams are focused on a common
probe volume (4X0.2X0.2mm) by a 238-mm focal length lens. In this work, the
narrowband dye-laser frequency was scanned across the Raman resonances of
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Fig. 11.3-1. Schematic of experimental arrangement for scanned CARS diagnostics with a
2-channel system using in situ referenced background subtraction,”

oxygen or nitrogen to generate the CARS signal, which is focused on the en-
trance slit of a 1.5-m monochromator that is scanned synchronously with the
dye laser. A photomultiplier (PM) tube detects the CARS signal, which is
digftized and stored on a PDP 11/24 minicomputer. This time-consuming ap-
proach (30 minutes to acquire 600 frequency data points and 30 laser shots
averaged at each point) has now been eliminated by using a broadband dye la-
ser to obtain the entire CARS spectra in a single shot, with an optical
multichannel analyzer (OMA) for detection rather than a PM tube; the time
needed for data acquisition is reduced to a few seconds. The measurements
were performed in a densely coal-seeded laminar flow reactor (100X25mm) en-
closed with quartz windows. The laser beams traversed the 100-mm length,
thus maximizing any effects such as absorption, which arise from propagation
through the medium.

Typical results for oxygen and nitrogen spectra are shown in Fig.
11.3-2. With high pulse energies (26 mJ total pump and 5 mJ Stokes) signif-
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jcant interference (random lines) were observed in the spectrum (fig.
11.3-2b) compared to a coal-free spectrum (Fig. 11.3-2a). These spectral
interferences are most 1ikely due to laser-induced breakdown at the surfaces
of coal particles at random positions along the laser-beam paths. Two ap-
proaches, use of a longer focal length focusing lens or use of lower pulse
energies, can circumvent this problem. In a large system, the sacrifice of
spatial resolution with a longer lens may be acceptable. In this work, low-
er pulse energies (8 mJ for the pump and 1 mJ for the Stokes beams) greatly
reduced the breakdown, but at the expense of diminishing the CARS signal
(fig. 11.3-2c). Lucht successfully implemented a simple conditional sam-
pling system to detect off-axis emission during breakdown and to reject
those shots on which breakeown occurs. Time-gating detection electronics
synchronously with the lasers discriminates against noise from particle lu-
minosity. Since CARS signals from nitrogen are 100 times stronger than
from oxygen, interferences are greatly reduced at the same laser energies.
Figure 11.3-2d shows a nitrogen CARS spectrum obtained at high pulse ener-
gies with a very good theoretical fit superimposed. In any application,
single-shot broadband CARS will eliminate additional systematic
uncertain-ties in such slow scans if these are caused, for example, by un-
steadiness in the combustion conditions and variation in window
transparencies.

) In summary, the applicability of Raman scattering techniques, both
SRS and CARS, to PC combustion environments is determined by characteristics
of the flow such as: (i) the particle size distribution and number density;
(i) the intensity, intermittency and scale of flow turbulence; (iii) the
size and geometry of the flow; and (iv) the temperature, pressure and compo-
sition of the flow. Heavy loadings of Tuminous particles will be most det-
rimental to SRS because of the weakness and isotropic nature of the signal;
CARS will be most strongly affected by turbulence and combustor size because
of beam-overlap requirements and, of course, by beam attenuation at larger
path Tengths in particle-laden flows.

There is 1ittle doubt that, for a variety of Class II flows in
laboratory combustors, CARS has potential for achieving local measurements
of the probability density function of temperature, from which valid means
and fluctuations in gas temperature may be inferred. The limits of applica-
bility of CARS in such flows have not been thoroughly investigated. Beam

362



attenuation due to heavy particle loadings and beam steering due to turbu- {
lence are expected to be the major limitations on CARS applicability in
Class II flows. Beam-steering (especially for long optical path lengths)
will cause the three laser beams to diverge from the required common focal
volume. If conditional sampling techniques can be devised to distinguish
large beam-steering effects from the real temperature fluctuations due to
turbulence, the main effect of beam-steering will be to decrease the data
rate, a relatively minor consequence. Only for very clean Class II flows
may the same be said for SRS. To date, a systematic demonstration and vali-
dation of CARS for local temperature measurements in Class II coal-fired
flows has not been done; this is, in fact, one principal objective of cur-
rent research at our Taboratory.

For Class I PC combustion flows, the prospect for successful ap-
plication of CARS is good. For such flows, time averaging is acceptable be-
cause of the low level of temperature fluctuations. Application of SRS is
severely limited by the background Tuminosity level, but time-gating and
signal averaging may help.

11.3-2. Fluorescence and Absorption Techniques

Laser-induced fluorescence (LIF) and absorption methods (using la-
ser diodes or other infrared sources) have been applied extensively to de- L.
termine gas phase temperature in relatively clean and in soot-laden )
combustion environments. Fourier transform infrared spectroscopy (FTIR) has
emerged only recently as a potentially useful technique for application to
bench-secale coal-combustion studies (see Refs. 8-10). Laser fluorescence
and absorption methods require many of the same ingredients as the CARS ap-
paratus shown in Fig. 11.3-1. A laser-pumped tunable dye laser (for LIF) or
FTIR source is required, with detection at 90° with respect to the incident
beam for fluorescence or along the beam for absorption. In these measure-
ments, the variable frequency l1ight source is tuned to a real electronic g
transition of a molecule or atom. The species absorbs laser radiation and -
is excited to a higher-lying electronic state. The excited state species
can decay back to the ground state by spontaneous emission (fluorescence), a
process in which a photon is emitted isotropically. The fluorescence or ab-
sorption signal is proportional to the exciting state population of the mol-
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ecule or atom. Unfortunately, the excited state population resulting from
laser excitation depends not only on the rates of laser absorption and spon-
taneous emission but also on collisional transfer rates, which must be mea-
sured or estimated.

Numerous studies in clean flames have been performed in recent
years using LIF (including various special derivatives, such as two-line
fluorescence) from the hydroxyl (OH) radical to measure temperatures in
flames. Laser-excited OH fluorescence is attractive as a temperature diag-
nostic because of signal-strength considerations; OH is typically present in
high concentrations in flames, and several vibrational bands of the first
excited electronic transition lie at the frequency-doubled wavelengths of
high-efficiency rhodamine laser dyes. In addition, the frequency and radia-
tive transition rates of OH rotational transitions are unusually
well-characterized. Fluorescence from vaporized atomic species (assumed to
be in equilibrium with the combustion gases) can also be used to infer gas
temperature. Five methods have been outh’ned12 for measuring flame
temperature using atomic fluorescence. Because numerous possible seed atoms
(e.g., lithium, sodium, potassium) have electronic transitions in the visi-
ble region of the spectrum, where ring dye lasers operate very efficiently,
such techniques offer the possibility of temperature measurements at kHz da-
ta rates.

In a similar way, temperatures of molecular gas-phase species in
flames have been determined from absorption spectra. Infrared sources are
generally used for absorption measurements because all molecules, except
homonuclear diatomics, have strong absorption bands in this spectral regime.
As with LIF, temperatures are determined from the assumed equilibrium
Boltzmann population distribution among the vibration-rotation energy

levels.

11.3-2A. Application of LIF and FTIR to Pulverized Coal Combustion

In general, application of LIF or absorption techniques for
gas-phase temperature measurement in pulverized coal-combustion environments
will be feasible in situations where SRS is only marginally applicable. The
strength of the LIF signal will depend on the type of species probed. Be-
cause transient species such as OH will be used for the LIF temperature mea-
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surement in unseeded flows, LIF will be useful as a temperature diagnostic
only in relatively high-temperature regions. In such regions, where tran-
sient species concentrations may be very high (typically 1000 ppm for OH),
the strength of the LIF signal is likely to be orders of magnitude higher
than the Raman signal. Thus, in situations where temperature and particle
loadings are high and SRS cannot be used, LIF temperature measurements may
be possible. LIF is an attractive alternative to CARS in some instances
since less complex apparatus and data-reduction procedures are involved.
Single-pulse LIF temperature measurements may be possible. LIF is an at-
tractive alternative to CARS in some instances since less complex apparatus
and data-reduction procedures are involved. Single-pulse LIF temperature
measurements will require either a fast-scanning dye laser or laser excita-
tion with two or more distinct frequencies for the so-called two-line meth-
ods. No obvious technical obstacles exist for single-pulse, two-line
temperature measurements methods, although no such measurements have been
reported in flames to date. Seeding the flow with species such as atomic
sodium will extend the temperature range of applicability of LIF at the cost
of added experimental complexity to ensure uniform seeding, but may possibly
introduce some uncertainty about the effect of the seed species on local re-
action processes. In many coal-derived flows, sufficient atomic absorbers
may already be present. An important consideration for application of LIF
in PC combustion studies is the effect of fliuorescence trapping or
re-absorption of fluorescence emission as it traverses the medium between
the probe volume and collecting lens.. In axisymmetric Class I flows, the
symmetry (or lack of symmetry) of the fluorescence temperature profile
should be an excellent indication of these effects. In Class II flows, it
may be much more difficult to detect the influence of fluorescence trapping,
and serjous temperature errors could result.

The feasibility of FTIR absorption thermometry in PC combustion
experiments is largely the result of the fact that modern infrared sources
are much brighter than the infrared emission of the hot gases in the flame.
This is especially true for applications in bench-scale experiments. Howev-
er, even in situations where the infrared emission from the flame is compa-
rable to that of the infrared source, modulation of the source provides
discrimination against the infrared emission of the flame, provided the com-
bined infrared intensities do not saturate the detector.
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11.4. Gas-Phase Species Concentration Measurement

In this section, we comment briefly on the prospects for applica-
tion of both Raman scattering techniques and laser-induced fluorescence or
absorption methods for the detection of gas-phase species concentrations in
PC combustion environments.

11.4-1. Raman Scattering Techniques

Spontaneous Raman scattering (SRS) is a well-developed technique
for measuring concentrations of major species in clean flows, including com-
bustion and turbulent mixing flows. However, SRS has not been applied to
measurements in environments laden with coal particles, soot or gas—phase
hydrocarbons, due to interferences from particulate luminosity and broadband
fluorescence from the gaseous organic species. As noted, CARS has been ap-
plied for gas thermometry in a wide variety of combustion systems, but CARS
has not been as widely applied for concentration measurements. Concentra-
tions may be calculated from CARS signals, either from the signal intensity
or by using the ratio of the resonant and nonresonant CARS signals. The
disadvantage of calculating concentrations from signal intensity is that the
CARS signal strength is very sensitive to factors such as beam overlap and
the temporal structure of the laser pulse, which can vary substantially over
the course of an experiment or even from one laser pulse to the next. In
principle, more precise and accurate concentration measurements are obtained
by using the ratio of the resonant CARS signal from the species of interest
to the frequency-independent nonresonant background. Such measurements can
be performed by using polarization analysis to separate the CARS signals in-
to resonant and nonresonant signals, separately recording the intensities of
each signal, and then recording the ratio spectrum. Variations in CARS sig-
nal strengths from pulse to pulse are reflected in both the resonant and
nonresonant signals, and are approximately cancelled by using signal ratios.
Calculations of species concentrations from the ratios is straightforward,
provided that the nonresonant susceptibility is a accurately known. Alter-
natively, broadband CARS spectra can be directly analyzed to obtain species

concentrations when the resonant and nonresonant signal magnitudes are ap-
proximately equal.
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There have been very few attempts at obtaining species concentra-
tion measurements using CARS in heavily particle-laden combustion and gasi-

fication environments. A few preliminary demonstrations have been done for

Class I f]ows.7’13’14

We are not aware of apy, even preliminary validations
of CARS for species concentration measurements in coal-fired, Class II
flows. While the few results for the Class I flows have been encouraging
(i.e., a CARS signal was detected and a concentration estimated), from the
standpoint of proof and validation of the diagnostic technique, much remains
to be done, even for well-defined high-temperature environments. In view of
the aforementioned uncertainties in interpreting CARS spectra (including
such phenomena as pressure narrowing), considerable fundamental diagnostics

research on the method is required.

11.4-2. Fluorescence and Absorption Techniques

11.4-2A. Laser-Induced Fluorescence

In recent years considerable progress has been made in defining
the 1imits of accuracy of various laser-induced fluorescence (LIF) tech- -
niques for detecting species concentrations. Species of interest in PC com- i:
bustion flows, which may be measured by using LIF, can be divided into three
basic categories: (i) radical species such as 0, OH, and NH which are im-
portant in reaction kinetics and pollutant formation; (ii) pollutant species
such as NO, CO and SO; and (iii) metal atoms such as Na, K and V and com-
pounds such as NaS which are important in corrosion, fouling and slagging. ?ﬁ

The use of LIF techniques as a diagnostic for species concentra- .
tions in PC combustion has not been actively pursued. One reason for the
lack of activity is that the detection of free-radical molecular species,
which has been the primary objective of fluorescence investigations in com-
bustion media to date, has not been of particular interest to
coal-combustion scientists. However, recent fluorescence investigations of
turbulent diffusion flames have shown that the radical pool is far from
equilibrium in some portions of the flame. Consequently, accurate bredic—
tions of processes such as NO formation and CO burnout may require accurate
knowledge of radical concentrations. In addition, there is indication that
OH may be responsible for oxidation of coal volatiles, as well as for direct
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attack on the residual char. Therefore, we expect to see more applications
in PC combustion but this will be difficult when particle loadings are high.
Quantitative fluorescence diagnostics of pollutant species such as
NO and CO, while certainly feasible, have not yet been demonstrated, even in
laboratory flames. Qualitative fluorescence methods may be of use in locat-
ing high zones of soot and HC formation. Most HCs, inciuding soot precur-
sors, have strong absorption bands in the visible and near ultraviclet and
produce broadband flourescence emission in the visible portion of the spec-
trum. Fluorescence techniques for the measurement of Na have been actively
pursued for over a decade; in fact, Na has served as a model atom for the
development and demonstration of numerous fluorescence techniques. LIF
techniques for measurements of other metal atoms are less well-developed,
but it is anticipated that techniques developed for Na will also be applica-
ble to numerous other metal atoms. LIF diagnostics of species such as Na$S

are handicapped by the lack of a well-developed spectroscopic data base.

11.4-2B. FTIR Absorption Techniques-

The commercialization and widespread use of FTIR spectrometers has
facilitated their use for quantitative gas analyses. This progress has been
aided by the availability of increasingly accurate values for infrared line
strengths, as reported in the literature. Furthermore, virtually all gases
(except homonuclear diatomfcs) have at least one strong infrared absorption
band in the mid-infrared region (400-4000 cm-l) that is easily accessible to
most FTIR instruments. With many different species present in the sample,
the mid-infrared region may become congested with many absorption lines.
However, in most cases, the features caused by different species may be
sorted out if the spectra are taken at sufficiently high resolution
(0.5 cm~1 or better), since each species has a unique infrared absorption
spectrum. Also, the task of sorting out the spectrum is much easier if only
low molecular weight species (those having fewer than 5 atoms of atomic
weight greater than hydrogen) are present in the sample. Clearly, lower gas
concentrations can be measured if higher signal-to noise (S/N) spectra are
obtained. With FTIR, a number of factors influence the maximum attainable
S/N. For example, averaging many spectra together improves the S/N by a
factor equal to the square root of the number of spectra averaged. The
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price one pays for improved S/N is the increased time required to acquire
the data. .

In general, FTIR spectroscopy is an effective technique for detec- P
tion of many different species simultaneously over a wide spectral bandwidth ;
when conditions permit time-averaged measurements along a line-of-sight 4
(e.g., in laminar or turbulent, plug~-flow flames and reactors). Determina-
tion of gas-phase species concentrations using absorption spectroscopy is
based on the application of the Beer-Lambert Law of absorption, which re-

Tates the intensity of the light transmitted through the sample to the inci-

dent light intensity, transition line strength, transition line-shape ?
function, concentration of the absorbing species, and path length of the
Tight through the sample.

Recently, two glr'oups8_10 have explored the use of FTIR for
gas-phase species concentration measurements in PC combustion studies. -
Solomon's work is reviewed e]sewhere.11 Ottesen's recent work at Sandia8 -
has been of the nature of technique demonstration and validation. In this
work, he has extended FTIR measurements into the high-resolution domain in
order to assess the sensitivity of the technique for the determination of
the concentration and rotational temperature of various molecules in a PC
combustion environment. Infrared absorption measurements were made with
uniformly-sized coal particles entrained in a laminar flow reactor.

Past attempts to make high resolution absorption measurements have
been plagued by the infrared emission of hot coal particles passing through
the detector field-of-view. So]omon10 has attempted to make use of these
emissions by inverting the order of the combustion reactor-interferometer
apparatus and by extracting the average emittance of the hot particulate en-
semble for a given measurement time. These particulate emission signals,
however, act as an additional noise source for absorption measurements and
are mitigated only somewhat by laborious time-averaging. This problem has ,
prevented the measurement of spectra at a resolution greater than 0.5 cm_l. |
However, this particle-generated noise occurs at Fourier frequencies lower
than the pertinent bandwidth containing infrared spectral information. By
electronically filtering the detector output, Ottesen successfully reduced
this particulate noise and obtained the first reported measurements of pul-
verized coal combustion products at a spectral resolution of 0.08 cm-l.

Although these measurements are more time consuming than those at
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lTower resolution, they allow a more accurate determination of both the mo-
lecular rotational temperature and concentration. This advantage results
principally from the lessened interferences of nearby absorption lines from
other species (mainly water vapor molecules) and higher excited state tran-
sitions. These measurements also showed that the measured linewidths of CO
and CO2 transitions are considerably greater than the reported values of

0.04 cm_1 at temperatures around 1300 K. Measured widths at half maximum

are 0.105 cm—l, and it is postulated that the additional width is caused by
collisional broadening due to the large quantity of water present (15 mol%).
A portion of the CO P-branch rotation-vibration band produced during the
combustion of a pulverized western Kentucky bituminous coal is shown in

Fig. 11.4-1. The CO rotational temperature determined from the relative in-
tensities of the absorption lines was 1218%28 K and is in good agreement
with a temperature of 1247+22 K derived from the CO2 v3, R-branch rotation-
vibration during the same experimental measurement. Reduction of the noise
caused by the particulate emission increased the sensitivity for many small
4 NO, HCN, HZS) to about 100 ppm for a

10 cm path length at combustion temperatures in the presence in coal parti-

infrared-active molecules (CO, CH
cles. Current efforts at detecting minor products of combustion in situ
have been hampered by the serious overlap of water-absorption lines with N-

and S-containing species of interest.

11.5. Particle Size, Number Density and Temperature Measurements

Among the spectrum of diagnostic requirements for examining PC
combustion, perhaps the most serious is the need for in situ techniques for
real-time detection of the loading and size distribution of entrained par-

ticulate matter, including solid coal, char, fly ash, soot
particles and liquid droplets or slurry mixtures. In fundamental

bench-scale studies of the reactivity of condensed-phase fuels, there is
need to obtain simultaneous information on the size, temperature and resi-
dence time of reacting particles larger than 10 pm. In situ optical sizing
techniques offer great promise to meet many of these measurement needs. De-
tailed chemtcal analysis will probably continue to require extractive sam-
pling; a novel and promising in situ optical method called laser-sparked
spectroscopy is discussed in the final section.
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Fig, 11,4-1, The CO P-branch spectrum obtained by FTIR spectroscopy in
a coal-seeded laminar flow reactor; rotational T = 1218 K, 8

Optical methods can be characterized as imaging or light scatter-
ing. In the case of imaging methods, individual particles are resolved
while in the latter they are not. As indicated in Fig. 11.5-1, both methods
can be further subdivided into ensemble or single-particle techniques. In

all cases, the analysis of particle size relies on the assumption of
independent light scattering, which should be valid down to particle separa-

tions on the order of four times the particle diameter and number densities
up to 1010/d3 per cm3, where d is the particle size in um. Because of the
need for spatial resolution, real time analysis, and mass resolution (mass
is concentrated in the upper end of the size distribution), the emphasis
here is on the features of two of the most successful single particle count-
ing (SPC) methods; one is a light scattering method and the other an imaging

technique.

11.5-1. Single Particle Counter, SPC (Scattering) Instruments
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11.5-1A. User Requirements

Hardesty1 has summarized typical user requirements for application
of SPC instruments to PC combustion environments. For many applications,
both number and mass-loading densities are of interest. The latter can be
inferred from SPC measurements of the former if the material density of the
particulates is known. The sizing range required for most studies probably
has a Tower bound of 0.1 um, although soot formation and ash-condensation
effects would require monitoring down to 0.01 um. However, in all likeli-
hood, the practical 1imit of SPC in high number density flows is about
0.1 um. Minimum sensitivity to particle refractive index (m = ng + inz) and
particle-shape variations is desirable in coal-fired flows, where particle
properties range from irregularly fractured carbon particles (n2 ~ 0.5) to
fused silica fly ash (n2 ~ 0.001). For comparison, liquid fuel droplets
are in general transparent (n2 ~ 0) and spherical. If particle properties
and shapes are known and invariant, these restrictions on instrument design
become less stringent.

11.5-1B. Design Constraints

While many discussions refer to particle measurements as particle
sizing, the correct reference is to particle size-distribution measurements.
Measurements of particle size alone, without accurate counting of the number

in each size class, is insufficient to characterize mean diameters (number,
area, mass) or their integrated values. Many discussions have emphasized

accurate size characterization with only limited discussion of proper number
counting. In practice, accuracy of frequency-distribution measurements and
derived averages are equally dependent on sizing and number counting
accuracy.

The fundamental relations which constrain the design of SPC diag-
nostics based on Mie scattering are well known. Of particular concern here
are the theoretical results which lead to the variety of in situ SPC diag-
nostics. First, a monotonic dependency of the scattered light amplitude on
the particle size is required, with 1little dependence on the particle index
of refraction or shape. Second, confining all measurements to the forward
diffraction lobe for particles larger than about 0.1 um is the most advanta-
geous. Consistent with these considerations, Fig. 11.5-2 shows a schematic
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diagram of a typical SPC instrument with symbols indicating the primary in-
strument design variables. A laser of wavelength \ and beam f-number fb is
focused through a window of thickness and

WINDOW SAMPLE
_— W, / VOLUME X
Fy, r‘vz
Y - —r—
i
)

Fig. 11.5-1. Ensemble and single particle optical particle-
measurement techniques.
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Fig. 11.5-2, Schematic diagram of a typical SPC device employing
near-forward Mie scattering,
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angle ¥ to a beam waist wo. Scattered light from particles of velocity Uy
is collected by a lens of open aperture (91 - 60) or f-number FC at an angle
8 and focused onto a detector siit assembly of width WS. The available
working space between the two lenses is denoted by L. The sample volume
from which scattered 1ight is detected is determined by the intersection of
the beam focus and the image of the slit. The single-particle signatures at
the detector are processed by a minicomputer to provide amplitude-frequency
distributions.

Given this general configuration, there are two basic methods of
relating particle size to a scattering signal. One appr‘oach15 is based on
absolute scattering and requires accurate knowledge of the distribution of
laser intensity in the sample volume. The second approach16 uses the ratio
of two independent absolute scattering signals from the same particle. Al-

though ratio methods characterize particle size independently of the
illumination intensity, the absolute magnitude of each ratio signal still

depends on the local illumination intensity and the absolute response func-
tion. In Fig. 11.5-3, a theoretical comparison is shown of the typical ab-
solute scattering response functions for the two classes of SPC methods. 1In
the top half of the figure, the dashed curves refer to the angle-ratio meth-
od with different scattering angle pairs, and the solid curve characterizes
a typical visibility-response curve with fringe spacing. In general, all
such response curves are multivalued, which places undesirable Timits on the
dynamic range (in particle size) or requires multiple angle ratios to deter-
mine the correct particle size. The lower half of Fig. 11.5-3 shows typical
absolute scattering response curves for both absolute and ratio scattering
methods.

In our original analyses of both types of scattering methods, we
considered in detail the basic relations among the elements of the typical
SPC optical system, the particles being measured, and various instrument or
hardware aspects. These include: (i) the dynamic range; (ii) the sample
volume size; (iii) the particle number density; (iv) resolution and accura-
cy; (v) laser intensity in the focal volume; (vi) windows; (vii) beam steer-
ing; and (viii) electronics. The key points are as follows: (i) Enlarging
the collection solid angle reduces the dynamic range. The required dynamic
range in the signal for a factor of 10 in particle size approaches 104.

(ii) A11 SPC methods require knowledge of the absolute scattering response
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function and the distribution of laser intensity in the sample volume. Par-
ticles of the same size, which pass through different regions of the focal
volume, give rise to different scattering signatures. (iii) The maximum
particle number density in the flow that can be accommodated, without having
two or more particles in the sample volume simultaneously, is given by

(N < 4P/V), where P is the probability of having two or more simultaneous
scattering events in the sample volume V. The requirement for a small vol-
ume dictates a small beam waist wo, which produces a non-uniform f;
laser-intensity distribution in the sample volume. (iv) A 95% confidence
level in the particle-count rate requires more than 1000 counts. Al1 SPC
instruments require time to acquire sufficient counts in each size bin to
meet the accuracy requirement; the time required is a function of the parti-
cle loading density and will range from a few seconds to minutes for very
1ightly loaded flows. Thus, although data are being sensed in a single
pulse mode for each particle, the measurement of a size distribution is in-
herently time-averaged. (v) There are simple interrelationships among the
Taser wavelength, the focdl length of the focusing lens, the beam waist
size, the depth of field, the size of the largest sensible particle and the
maximum number density of the smallest particles that can be sensed.1 In
practice, these factors dictate that at least two laser beams are required
to measure particles from the submicron to 100 um range: one tightly fo-

cused to measure the small, higher number density particles and
the second with a Targer focus to measure the larger

particles. (vi) Most PC combustion experiments require windows for optical
access. Displacement of the focal volume along the incident laser direction
is proportional to the thickness and index of refraction of the window mate-
rial; lateral displacement will occur if the beam is not perpendicular to
the window. The incident beam must be monitored to account for beam attenu-
ation due to window fouling. (vii) Beam steering, primarily due to gradi-
ents in the index of refraction of the combustion gases which are transverse
to the laser and scattered beams, can be appreciable and unsteady but may be
compensated for by enlarging the entrance slit of the detector. (viii) Be-
cause of the large dynamic range required of the detection and amplification i
circuit, logarithmic circuits or staged amplifiers are required with at

least a 10 MHx frequency response.
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Fig. 11,5-3, Comparison of response functions? for the ratio and
absolute SPC scattering methods,

11.5-1C. SPC Intensity Deconvolution Method

The only SPC optical method that has been used reliably for mea-
suring particles over the size range 0.1-100 um, at number densities from
102/cm3 at the large sizes to 107/cm3 at the small sizes, is a dual-beam

absolute intensity deconvolution (SPC/ID) method.17 A key feature of this

method is the use of dual beams to achieve the required small sample-volume
size to accommodate the increased particle loadings at the small end of the
particle-size distribution. The system uses near-forward scatter, as in
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Fig. 11.5-2, with ei<6° to minimize refractive-index and particle-shape
sensitivities. The choice of inner angle light collection, ei, depends on
the size range of interest. The response functions for Bi = 0.6° are the
solid curves in Fig. 11.5-3. Because of the variation of the laser beam in-
tensities in the sample volume, the scattered signal is particle-trajectory
dependent. A numerical inversion scheme and calibration procedure allows
unfolding of the distribution of signal amplitudes and yields and indicated
size distribution, which eliminates the dependence on trajectory. The scat-
tered light from particles passing through each of the two sample volumes is
collected by a single lens and divided by a beam splitter and focused onto
the Targe and small slits, respectively.

Extensive calibration and validation experiments have been con-
ducted by Ho]ve.15 Figure 11.5-4 illustrates recent results obtained for
the evolution of particle~size distribution in a Taminar flow-reactor study

of the combustion of pulverized coal and coal-water s]urm‘es.l8
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distribution as a function of residence time in a laminar
flow reactor, obtained by using the SPC/ID system. 18
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11.5-2. Imaging Methods for Single-Particle Counting

A1l imaging methods permit, in principle, some degree of particle
size-distribution measurement capability. With reference to Fig. 11.5-1,
there are three basic types of systems: photographic, holographic, and
image-plane coded-aperture methods. Unlike scattering techniques, all are
applicable only to particles larger than the diffraction limit of in situ
optical systems, typically 5 to 10 um. The first two have been extensively
reviewed and will not be discussed here. The third method is relatively
new. Among the three candidates, it is uniquely amenable to straightfor-
ward, real-time, spatially-resolved measurements under certain coal combus-
tion conditions. Under the right conditions, however, it appears to be an
extremely powerful method, e.g., for basic studies of the reactivity of pul-
verized coals, with clear advantages over scattering methods.

11.5-2A. 1Image-Plane Coded-Aperture Single-Particle Methods

Several image-plane coded-aperture systems for application to mea-
surements of both luminous and nonluminous particles during PC combustion

19

have recently been developed at Sandia. These systems have been evaluated

in detail for application to flows where the particle loading density of
particles larger than about 10 um does not exceed 104/cm3. In contrast to
the light-scattering methods, the image plane methods permit direct and si-
multaneous measurement of the size and velocity of particles. In addition,
if the particles are sufficiently hot, their temperature can also be mea-
sured. In contrast to light-scattering methods, the image plane technique
permits more direct discrimination against background noise because of the
presence of smaller (unsized) particles in the focal volume. In other
words, if it is sufficient for a particular application to measure informa-
tion only on particles larger than say 10 um and if these occur at number

densities no greater than about 104/cm3

, then the usual higher number
densities of smaller particles may not prove limiting since reflecting or

emitted, not diffracted, light is employed.

11.5-2B. The Multiple-Si1it Method
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In this method,19 the signal that contains the particle-size

information is generated by imaging the particle onto a physical mask con-
taining a grid of three slits and detecting the transmitted 1ight. Parti-
cles may be illuminated or, in the case of hot or reacting particies, direct
emission from the particles may be used to obtain size and velocity informa-
tion. In general, deconvolution is required to extract information from any
image-plane coded-aperture system. It is possible, however, to design the
aperture so that the particle size can be retrieved by using only two values
in the output waveform. Such an aperture is shown in Fig. 11.5-5. It is
composed of two slits for encoding the particle-size

Stze Encopine Y
SLITS <::::: i ‘
K
/ 2w3

Fig. 11.5-5. Aperture mask used in the image-plane coded-
aperture (SPC) method. 19

information. A third slit is used in the implementation of a laser trigger
to eliminate edge-effect errors and to distinguish further and minimize the
size of the focal volume. The large aperture is made bigger than the
largest particle to be measured; the small aperture smaller than the smali-
est. As the image of the particle scans across the mask, the ratio of the
signals from detectors behind the apertures is proportional to the diameter
of the particle. In addition to size information, the velocity of the par-
ticle can be obtained by measuring the transit time of the particle between
the two apertures. Since size and velocity of a particle may be measured
simultaneously, velocity-size correlations are readily derived. The method
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is reasonable insensitive to particle shape. For irregular particles, the
dimension measured is approximately equal to the particle length in the di-
rection normal to the slits. While the system is insensitive to the parti-
cle index of refraction, the particle must be a diffuse surface in order to
be sized correctly. This condition is particularly important when coherent
illumination is used. In general, white Tight illumination yields better
signals for non-ideal particles. It may be possible to size specular parti-
cles by back lighting and operating the system in a schlieren mode.

11.5-2C. Particle-Sizing Pyrometry Based on the Multiple-S1it Method

While none of the image-plane techniques can measure particles
smaller than ~10 um, they do yield an important bonus capability in situa-
tions where the particles are sufficiently hot such that their incandescence
can be used to obtain size information. Under these conditions, by virtue
of its simplicity and ease of implementation in bench scale PC combustion
environments, the multiple-slit technique is particularly amenable to inte-
gration with a multi-wave-length optical pyrometer system. The integrated
system, shown in Fig. 11.5-6, has been developed for the simu]taneog; detec-

In

addition, by measuring the absolute magnitude of emitted radiation, once the

tion of particle size, particle velocity, and particle temperature.

particle size and temperature have been determined, its emissivity may be
estimated. Analysis of the particle size is done by using the ratio of the
single particle signatures from the large and small slits. The particle
temperature follows from the ratio of the signals from the large slit at two
discrete wavelengths (assuming that the particle emits as a gray body). By
the use of reflecting optics and extension of the detection system into the
near infrared, the lower limits in terms of particle size and temperature
may be significantly extended. Particle velocity is determined by timing
the signals from the two slits.

The ability of the method to detect simultaneously the size, tem-
perature and velocity of reacting particles is proving invaluable in recent
studies of PC combustion. The system is now being routinely applied by
Mitche1120 to measure these properties for a variety of coals, chars and
other reactive solids (and thereby to determine directly global particle re-
activities) in a laboratory flow reactor.
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11.5-3. Ensemble Methods for Analysis of Particulates

Our discussion has emphasized single~particle counting methods be-
cause: (i) these are generally applicable to Class I and Class II flows;
(ii) they yield a direct measure of the particle size and number density;
(iii) they provide a measure of the flux of particles through the focal vol-
ume (by virtue of the fact that the transit time of each particle is
sensed). Ensemble methods are inherently line-of-sight measurement, with
the exception of diffusion-broadening spectroscopy for local measurement of
the total volume of submicron particles in the focal volume of the incident
laser beam. As is shown in Fig. 11.5-1, ensemble methods fall into two
classes: those that work in the Rayleigh 1limit of small particles (general-
ly less than a few tenths of a um) and those that work in the Mie Regime
(generally larger than 2 um).

HIGH TEMPERATURE
PARTICLE-LADEN

FLOW
O
CONDENSING s
LENS L
IMAGING LENS
" A3 NP PHOTO
FiLTer PETECTORS
LASER A3 TRIGGER

CODED APERTURE ®g|i$iﬁ'
COLLIMATING LENS \s ’iii‘ CHANNEL 2

DICHROIC BEAM SPLITTER

s FILTER A

2
FILTER X\, QO
PHOTO DETECTOR \! CHANNEL 1

Fig. 11,5-6, An integrated single-particle imaging system for simultaneous
particle sizing and temperature and velocity measurement, 19
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11.5-3A. Ensemble Methods for Large Particles

To measure the mean size of particles larger than 1 um, two com-
mercial instruments are available, the Malvern instrument21 and the Leeds

and Northrup instrument.22

Both devices operate on the principle of
detecting Mie scattering from an ensemble of particles or droplets in a rel-
atively large sample volume defined by the width of the duct and the cross
section of an incident expanded laser beam. The use of these instruments
and their inherent limitations with regard to determining particle-size dis-
tributions have been discussed e]sewhere.1 In general, the ensemble methods
inherently yield less information than single-particle methods. 1In addition
to the lack of spatial resolution in the ensemble methods, they provide no
measure of velocity or of particle flux. However, if the phenomenon being
observed is inherently unsteady, an ensemble device must be used since all

SPC instruments average over relatively long times.

11.5-3B. Ensembie Methods for Measuring Particles < 0.1 um in Size

High number densities of fine mineral matter particles, less than
0.1 ym in size, are common in most PC combustion environments (Fig. 11.2-2).
These arise both from the Tiberation of solid mineral matter during combus-
tion and as a result of condensation of vaporized inorganic species in the
combustion and post-flame zones. 1In addition, high number densities of fine
soot particles can be expected in regions where temperatures are high and
fuel-rich conditions predominate. Of the various possible methods for ob-
taining information on particles less than 0.1 um in size, only
laser-Doppler-broadening spectroscopy (also called diffusion-broadening
spectroscopy, DBS) permits the kind of spatial resolution required in
Class II flows. THe DBS technique is unfortunately applicable only to low
velocity laminar flows, where particie diffusion velocities due to Brownian
motion dominate particle transport through the laser focal volume. The

method is extremely useful in bench-scale measurements in laminar flames and

23

flow reactors. It would appear, however, that there are no near-term

candidate methods for obtaining spatially resolved sub-0.1 um particle size
measurements in highly structured Class II flows.
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For Class I flows, where a flat (A) profile of local particle
loading density is ensured, the conventional line-of-sight absorption method
may be combined with a scattering technique to infer the total particle
volume loading. The method relies on the classical assumptions and results
of Rayleigh and Mie scattering and light extinction. In the Rayleigh Timit,
the method applies for particles which are small compared to the wavelength

of Tight (for visible light, strictly for particles smaller than about
0.05 um). In this regime, it can be shown that the ratio of the intensities

of light scattered at 90° with respect to the incident beam direction to the
transmitted 1light is a strong function of the volume fraction of particles.

For larger particles, in the size range of the 0.05 to 0.1 um, Mie scatter-

ing can be used to advantage.

11.6. Velocity Measurements in Particle-Laden Flows

As described earlier, in all single-particle counting diagnostic
methods, the velocity of particles passing through the sample volume is mea-
sured. The measurement is essentially one of transit-timing. More precise-
ly, only the magnitude of the component of the particle velocity projected
into the plane perpendicular to the axis of the collection optics is sensed.
A true velocity is measured only for well-ordered flows for which the axis
of the collection optics can be arranged to be perpendicular to the flow di-
rection. The inversion of the image-plane aperture method has also been
used to measure transit times directly; two laser beams are focused in close
proximity within the combustion zone and the time for a particle to transit
the intervening distance is measured.

Clearly, transit-timing methods are, in principle, applicable to
Class I flows. For more complex flows and in most cases where
turbulent-intensity information is sought, the method of choice for direct
velocity measurement is laser-Doppler velocimetry (LDV). The method is not
new; fundamental descriptions of the technique are numerous. In most cases,
however, the emphasis in previous work has been on the measurement of gas
velocity and turbulent fluctuations associated with the gases. Small parti-
cles of uniform size and sphericity in the 1 um size range are typically
used to minimize slip between the gas and the particles. Here, we comment
briefly on some of the special considerations which pertain to velocity mea-

383




surements using LDV in coal-derived flows. In this discussion, basic famil-
iarity with the conventional LDV method is assumed.

11.6-1. Application of Laser Doppler Velocimetry to Coal-Derived Flows

Despite the ready availability of commercial [DV systems, inter-
pretation of LDV data from particle-laden, coal-derived flows is anything
but a simple matter. Care is required. The two features of such flows
which have the greatest impact on straightforward interpretation of LDV sig-
natures are: (i) the need to operate with long focal-length optics in large
coal-combustion geometries and (ii) the presence of high number-densities of
irregular particles over (typically) a very wide size range. For most
bench-scale experiments, the latter effect will dominate.

11.6-1A. The Effect of Long Focal-Length Optics

Large combustion-zone dimensions produce long optical path
lengths, which require long focal-length optics. As the focal length of the
incident lens(es) increases, the length of the sample or probe volume in-
creases in the direction of the input laser beams. Consequently, off-axis
(as opposed to backscatter) collection is desirable. For example, for a
50-mm beam spacing with a 120-mm (4.7-inch) focal-length lens, the probe
volume Tength is 0.35 mm; with a 600 mm (2 feet) focal length lens, the
probe volume enlarges to 8 mm. This loss of spatial resolution must be con-
sidered. While this degree of resolution may be acceptable, the probability
of multiple particles in the probe volume poses problems. Another immediate
effect is the decrease in efficiency of backscatter due to the decreased
solid collection angle.

Multiple particles of the same size and presumably at the same ve-
locity have the effect of degrading S/N. A higher pedestal in the LDV sig-
nature occurs due to the increased scattered light intensity, but less
modulation occurs since the scattered light from different particles will be
somewhat out of phase. If multiple particles of different velocities (siz-
es) are present simultaneously, the velocity differences will appear as ran-
dom modulation of the Doppler signal.

The presence of particles in the line of sight between the detec-
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tor and the probe volume can introduce problems with both signal level and
noise. The problems are accentuated with longer focal-length systems.
Light scattered from a large particle and crossing one of the two laser

beams or which passes through the probe volume may undergo secondary
scattering by particles along the (increased) line of sight. Finally, the

possibility of beam refraction or steering is increased with the longer le-
ver arms involved. Uncrossing of the incident beams causes signal dropout,
and relative motion between the two beams introduction a bias error in both
the mean velocity and the turbulence intensity.

11.6-1B. The Effect of Different Particle Sizes

There are several additional adverse conséquences of increasing
particle number densities and of an increasing range of particle sizes in
the flow. First, the dynamic range of the photodetector is limited. When
the detection threshold is set to follow the weak signal from a small parti-
cle, the detector may be saturated by the signal from a large particle. A
solution may be to use two detectors, which are set at different levels to
monitor velocities of small and large particles independently. Secondly,
the quality of the Doppler signal in terms of the modulation depth will most
1ikely vary greatly. There is, in principle, an optimum ratio of particle
size to fringe spacing; the result is that particles at the small and large
ends of the size spectrum may be difficult to detect above the increased
noise level. Finally, the single largest cause of Tow S/N in an LDV system
is glare, usually from surfaces and windows. For example, large particles
which cross the incident laser beams create glare directly or as the result
of scattering off surfaces or other particles.

In summary, the necessity for careful analysis cannot be
over-emphasized. Laser-Doppler velocimeter systems, whether packaged or
home-grown, will invariably produce Doppler signals. Whether these mean a
great deal, especially from a PC combustion flow, is another matter.

11.7. Particulate Composition Measurement by Laser-Spark Spectroscopy

(LASS)

One of the most challenging areas for coal-combustion diagnostics
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is that of determining the composition of entrained coal, char, and mineral
matter particles in the combustion zone. At present, the only means for ac-

complishing this measurement is to extract a sample by insertion of a
generally bulky, water-cooled quench probe and to subject the sample to a
battery of off-line analytical techniques. 1In a new diagnostic research ef-

fort, Ottesen24 is extending earlier work in our 1aboratory25

on a technique
called laser-spark spectroscopy (also referred to as laser-induced breakdown
spectroscopyzs) to obtain in situ measurements of the elemental composition
of particles in PC combustion environments. Although the techniques is
about 6 years old, Ottesen's results are sufficiently encouraging to warrant
an extended comment in this review.

A schematic diagram of the experimental apparatus24 is shown in
Fig. 11.7-1. The measurement sequence for single particle uses two cw la-
sers to provide particle-size measurements and to trigger the

laser-breakdown process. A He-Ne laser beam is focused to a 50 um waist
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Fig.11.7-1. Schematic diagram of Sandia laser-spark spectroscopy diagnostic system. 2
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size, and the 90° Mie scattering by individual particles passing through
this focal volume is used as a trigger pulse. A co-linear, Ar-ion laser
beam with a waist size of 250 um is also scattered by particles passing
through the focal volume, and the intensity of the near-forward scattered
light is used as a measure of mean particle size. These measurements are
calibrated by using precision pinholes and uniform 1iquid droplets; the
particle-sizing method is discussed e]sewhere.27 Incorporating
particle-size information into the present emission measurements will help
to remove data scatter caused by differences in particle size. It will also
be useful in observing systematic trends in mineral composition during com-
bustion as a function of particle size and may permit an absolute elemental
mass measurement for each particle.

Immediately following the measurements of particle size, the He-Ne
laser trigger pulse is used to initiate the laser spark sequence. A
Q-switched Nd:YAG laser, with a maximum pulse energy of 170 mJ and a pulse
width of 7 nsec at the frequency-doubled wavelength of 5320 A, is used to
vaporize part or all of the coal particle. This rapid deposition of energy
breaks down the molecular structures in the coal particle and ijonizes the
resulting atomic species forming a high temperature p]asma.26 The intense

emissions lines from the plasma are viewed with a 0.5-m Spex monochromator,
equipped with an optical multichannel analyzer capable of time resolution to

0.1 um following the Taser pulse. Ottesen's results confirm the expectation
that the emission spectrum is extremely complex immediately following the
formation of the p]asma.25 This problem is due to the presence of highly
jonized species and results in a poorly characterized spectrum. By delaying
the starting time of the observation, we find that a well-defined 1ine spec-
trum, dominated by neutral and singly-ionized atoms, occurs approximately

2 usec after the pulse. The results discussed here were obtained during a 2
to 4 usec window following this initial delay.

A central concern during the development of any new diagnostic
technique is the issue of calibration. To date, a piezo-electric droplet
generator has been used to produce uniform diameter liquid droplets, which
contain a known concentration of material. For example, breakdown spectra
were obtained of uniform droplets generated from dilute aqueous solutions of
NaCl. Excellent straight line plots of the sodium 5890 A emission 1ine vs
salt concentration were obtained. The reproducibility of the observed emis-
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sion intensities is of the order of % 10-20% for salt solutions of 0.05 to
0.5wt% and droplet sizes on the order of 70 um; this fact is illustrated in
Fig. 11.7-2. The dependence of emission intensity on laser energy is not
straightforward. Although the Na emission increases monotonically with la-
ser energy, no clear functional dependence is observed. It is speculated
that this result is mainly caused by a complex increase of plasma tempera-
ture with incresing laser energy and the incomplete vaporization of the 70
um droplets, even at the maximum laser energy.26 This view has not been
verified.

In addition to such calibration studies, preliminary investiga-
tions of LASS applied to raw coal particles have been completed. Samples of
a high-volatility bituminous coal, Kentucky No. 11, with an ASTM ash content
of 10%, were used in the particle-size range of +30/-50 um. A
spectrochemical analysis of a bulk sample yielded the following observed
mineral species; >1000 ppm, Al, Fe, Ca, Si; 100-1000 ppm, K, Mg, Na, Ti;
<100 ppm, Mn, Cr. To date, emission 1ines using LASS have been recorded for
all of these species except Mn and Cr. Representative spectra for four sin-
gle particles are shown in Fig. 11.7-3. Additional species identified in
the spectra include C, N, O and CN. CN is observed as a recombination
product of carbon atoms from the organic matrix with nitrogen (the entrain-
ment gas). Nitrogen and oxygen emissions are also observed, although quan-
titative analysis is not possible for these species since they originate
primarily from the entrainment gas and the ambient laboratory atmosphere. -

Detection of Na is best done by using the well known emission
lines near 5890 A. Figure 11.7-4a shows four successive single-particle
emission spectra. These spectra are representative of a much larger data
set and were taken sequentially in approximately 8 sec real time. The small
variation in line intensity - in Fig. 11.7-4a is typical of the 80 particles
which were measured. If these differences in observed intensity are caused
primarily by variations in particle size, then one inference from these pre-
liminary data might be that the sodium content is rather evenly distributed
in these unreacted coal particles. A similar study for potassium content
yielded much larger .differences in emission-1ine intensities (Fig. 11.7-4a).

Also of great interest is the correlation of different
emission-line intensities in a given spectroscopic region for a set of sin-
gle particle spectra; This ekperiment has been done for two iron lines

388



o

cooend R AT

LaserEnergy

Integrated Intensity (Arb. Units * 10°)
T

« i ‘r‘..(mJ/P,ulse)(n'u' IO AU NU
VIV i B3t o he T i
e oh raahdd309 o o
L ; Chin 1 Cia 170y e b penie
SRS I xOu L N oo s o CA 4‘?,?1’*"
. .0 | 0.1 0.2 0.3 . 014 C)5 0.6
Ve [ o, Ve G R TN 1L T e &y v
, NaCl Concentratlon Wt %)
I Y S I | oy O S N A U U S SR S Y 'x“\h‘ COnCLT 0T

¢ Riga 11,72, ‘Dependence\ of Na emission oncsolution concentration and
| TR laser energy after. }aser breakdown of a single droplet. 24

Ve 1t LI [ o TR
Y S T S O S O P S ) IR A N OS FOO T G Sr S G S RO IR T W PR ATCE-S BN

Cedde o TR R S AT T L O S R VL P (7 PR T SR

N

(2601 A and 2634 A), as 1s shown 1n F1g 11.7-3a; the resu]ts are p]otted 1n

[ S SRR x;xx\' ((((“l:

F1g 11 7= 5a for 80 success1ve part1c1es. To. 2 f1rst approx1mat1oh, th1s

IO GRS Y T G Y L L e by .

procedure Shouls y1gld a tratght it wish » sTone sayel gt yacio of
the 11ne strengthe ior theee‘twe‘?roq traqijtropiw (ﬁn1ilre%eltlj§de1eer1y
observed for these pre]1m1nary data; some of'the observed scatter may be ac-
counted for by variations in p1asmahtem§ergture (é&ﬁséd‘sy'a{éfe#ééééﬁ 1n

\
[RVEN

part1c1e size and shape, ‘the absorpt1on ef 1eser energ&, ‘and se]f-absorpt1on
of emission lines). Since these transitions do net'errd{nete from the same
energy levels, changes in plasma temperature w111 affect 'their observed in=-
tensity ratios. The intensity of the stronger iron transition (2601 A) is

correlated with the intensity of a carbon transition at 2475 A (as is shown

in Fig. 11.7-3a) for the same set of 80 particles. These results are shown
in Fig. 11.7-5b. The large scatter in the data points illustrates:the great
variability in Fe distribution in the raw coal particles, possibly caused by
various iron-containing mineral inclusions. A much more consistent set of
points is observed, however, for particles with Fe transitions of less than
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200 counts intensity. These points lie near the baseline of Fig. 11.7-5b
and may be due to iron bound in the organic matrix of the coal, which would
be much more homogeneously distributed than the mineral inclusions.

Although these early studies have shown several very interesting
and exciting qualitative results, much work remains to be done in developing
LASS as a diagnostic technique and in quantifying the limits
of its accuracy under a variety conditions. Current efforts at our labora-
tory are being directed to the quantification of these emission spectra in
the areas of particle size and plasma temperature measurement and
emission-intensity calibration.

Laser~spark spectroscopy may also be used to sample the gas phase
in a combustion environment, including very small particles which may not
produce a measurable Mie-scattering trigger-signal. While some adjustment
in laser energy may be required to compensate for tﬁe‘reduced breakdown
threshold of the gas or fine,aeroso],zs in,brincipié, one needs merely to
sample the spark-emission spectra conditionally and to distinguish among
those obtained with and without a sensible Mie signal in the particle detec-
tion channel. These complementary data are poten£1a1]y valuable in deter-
mining the composition of soot, mineral matter‘fumes, and condensing in

combustion environments.
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