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ABSTRACT

The objective of this project was to determine if the power plant performance, 

characterized by megawatt and steam generation, is reduced when particle size 

distribution (PSD) of pulverized-coal fed into the burners is made slightly coarser. Tests 

were conducted in two phases at a Golden Valley Electric Association power plant. 

During the first phase, two tests were conducted at significantly different PSDs. Results 

indicated that coarser distribution did not hurt plant performance. Later, the second 

phase was carried out to test the repeatability of the observed combustion behavior as 

well as to test hypotheses on mill power consumption, emissions and unbumed carbon. 

Unfortunately, the three tests in this phase did not result in statistically different PSD's, 

precluding any conclusions on the main objective. Therefore, further tests are needed to 

establish the effect of coarser PSD on power plant performance, emissions, unbumed 

carbon and mill power consumption.
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Chapter 1 

Introduction

1.1 Introduction

World energy consumption is growing continuously with the primary resources 

being the fossil fuels. Coal is the most abundant and lowest cost fuel for producing 

energy, supplying 40% of the world’s electricity (nuclear 16%, oil 10%, natural gas 15% 

and hydro & other 19%). Since 1980 total world energy use grew by nearly 50%, with 

growth of electricity consumption even stronger. Increased demand was most dramatic 

in developing countries. With the United Nations predicting world population growth 

from 6 billion to 7.5 billion by 2020, demand for energy must increase substantially over 

that period. Both population growth and increasing standards of living for many people 

in developing countries will cause strong growth in energy demand, expected to be over 

2% per year, or 57% from 1997 to 2020. Electricity demand is increasing much more 

rapidly than overall energy use, and is projected to grow at 2.8% per year to 2010, and 

overall 85% to 2020. ( Annual Energy Outlook, EIA, 2004)

Alaska has 15% of the world’s coal resources, with hypothetical resources 

estimated at 5.6 trillion tons and identified resources estimated at 170 billion tons (U.S. 

Coal Reserves, 1997). Rank of coal varies with region, predominantly being lignite in 

the Seward Peninsula province, sub-bituminous to lignite in the Cook Inlet-Susitna 

province, sub-bituminous in the Nenana province, and high volatile bituminous and sub- 

bituminous in the Northern Alaska province. Currently Usibelli Coal Mine (UCM), 

Healy, Alaska (Nenana Province) is the only operating mine in Alaska. UCM coal 

produces low rank (sub-bituminous C) with high volatile content. This coal is shipped 

primarily to customers in Alaska, and sometimes to customers as far away as South 

Korea and Chile.

A longtime issue with Nenana coal has been its low Hardgrove Grindability Index 

(HGI) number (around 32). HGI is an indicator of ease of grinding with lower numbers 

indicating lower grinding throughput. Coal with higher HGI is preferred by power plant



2

operators. Therefore, any attempt to broadly market Alaskan coal will need to address 

the grindability issue.

With increasing attention to the reduction of emissions from pulverized coal 

combustion and to improving the efficiency of coal utilization, there is an increasing need 

to develop and apply advanced technologies to improve the cost-effectiveness of coal use 

and its environmental performance. Future use of coal will, however, depend very much 

on the development and application of cost-effective clean coal technologies to make it 

competitive with other fuels.

Coal-related research and development (R&D) and demonstration activities are 

needed to cover a wide range of areas with a view to maintaining and improving the 

prospects of coal use, particularly for power generation using pulverized combustion. 

Clean coal technologies need to be developed, demonstrated and improved to keep pace 

with legislation being introduced to restrict the adverse effect of coal on the environment 

and maintain the competitiveness of coal in relation to other fuels.

This thesis demonstrates (through two field tests) a solution for alleviating 

grinding throughput issues with Alaskan low rank high volatile content coal based on a 

previous study by the U.S. Department of Energy (Freeman et al, 1996).

1.2 Scientific Background

A laboratory scale study was conducted by the U.S. Department of Energy in 

1996 at the highly instrumented Combustion and Environment Research Facility, 

Pittsburgh, PA (Freeman et al, 1996). This study was conducted to determine the 

combustibility of a blend of low rank high moisture Alaskan coal (from Usibelli Coal 

Mine) and Russian high ash bituminous coal. The following recommendations were 

made about Alaska coal:

• Alaskan coal is hard to pulverize with low Hardgrove Grindability Index 

(HGI) ranging from 30 to35.

• The pulverized coal particles show near-complete burnout even with 

grinds as coarse as 60% passing 200 mesh.

• Alaskan coal has low CO emissions.
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• Alaskan coal shows fouling in the convective section of the boiler due to 

low ash softening temperature.

• Flue gas exit temperature should not exceed 2000° F for Alaskan coal. 

Based on the study, it was proposed that the higher reactivity (from high volatile

and oxygen content) of Alaska coal would probably make up for the loss of combustion 

from coarser grind and a study was recommended in a power plant (Healy Unit No. 1) to 

test this hypothesis.

1.3 Objective of the Study

Certain Alaskan low rank coal is high in volatile content. This study examined 

whether the high volatile content could be utilized for achieving various benefits that 

come from grinding the coal less finely. Since the coal is highly reactive, the hypothesis 

for this study is that it would not have to be ground as finely (as other coals) for 

combustion. Power plants typically run at 70% passing 200 mesh, irrespective o f coal 

type. While this is good for bituminous coal, it may be unnecessarily fine for high 

volatile coal. Unnecessary grinding has many costs: high mill power consumption, 

higher wear and tear and lower mill throughput.
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Chapter 2 

Coal and Coal Properties

2.1 Introduction

Fossil fuel can be classified into solid, liquid, and gaseous fuels as shown in Table 

2-1. Each fuel may be further classified as a natural, manufactured, or byproduct fuel. 

Coal is the most important and widely available fossil fuel throughout the world, among 

all other fossil fuels that are used for steam generation in electric utility and industrial 

power plants.

Coal is formed mainly as a result of temperature and pressure action on the fallen 

remains of plants. The properties of coal are determined by both the physical parameters 

during the stages of coal formation and the type of plants in each era. The organic part of 

coal is usually accompanied by a certain amount of water and inorganic compounds. The 

content of carbon in coal defines the degree of carbonification, which does increase along 

the row of substances:

Peat Lignite Bituminous Coal -> Anthracite

For practical purposes the following three kinds of analysis are used to 

characterize coals:

• Proximate analysis (moisture, ash, volatile matter, fixed carbon)

• Ultimate analysis (contents of elements: C, H, S, N and O)

• Miscellaneous analysis (heating value, forms of sulfur, chlorine, trace metals,

C 02, free swelling index, Roga index, dilatation, ash fusibility, ash composition)

2.2 World Availability

Coal is the second leading source of fuel, supplying 32% of the world’s energy. 

The major reserves by coal type and location are: lignite -  the United States (U.S.), and 

the Confederation of Independent States (C.I.S.); sub-bituminous -  China, the C.I.S., 

Australia and Germany; and bituminous -  China, the U.S. and the C.I.S. (Stultz et al., 

1992).
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Table 2-1: Classification of fuels

Natural Fuels Manufactured or Byproduct Fuels
Solid

Coal Coke and Coke breeze 
Coal tar

Lignite Lignite char
Peat
Wood Charcoal

Bark, saw dust and wood waste
Petroleum coke
Bagasse
Refuse

Liquid

Petroleum Gasoline 
Kerosene 
Fuel oil 
Gas oil 
Shale oil
Petroleum fractions and residues

Gaseous

Natural gas Refinery Gas
Liquefied petroleum gases (LPG) Coke-oven gas 

Blast-furnace gas 
Producer gas 
Water gas
Carbureted water gas 
Coal gas
Regenerator waste gas

2.3 Formation of Coal

Coal is formed from plants by chemical and geological processes which occur 

over millions of years. Layers of plant debris are deposited in wet and swampy regions 

under conditions which prevent exposure to air and complete decay as the debris 

accumulates. Bacterial action, pressure and temperature act on the organic matter to form 

coal. The geochemical process that transforms plant debris to coal is called coalification. 

The first product of this process, peat, often contains partially decomposed stems, twigs,
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and bark, and is not classified as coal. However, peat is progressively transformed into 

lignite which eventually can become anthracite given the proper progression of 

geological changes. (Stultz et al., 1992)

Various chemical and physical processes occur during coalification. Figure 2-1 

shows the schematic of the coalification process. The heat and the pressure to which the 

organic material is exposed cause chemical and structural changes. These changes 

include an increase in the carbon content; loss of water, oxygen and hydrogen; and 

resistance to solvents.

Coal is very heterogeneous and can vary in chemical composition by location. In 

addition to the major organic ingredients (carbon, hydrogen and oxygen) coal also 

contains impurities. The impurities that are of major concern are ash and sulfur. The ash 

results from mineral or inorganic material introduced during coalification. Ash sources 

include inorganic substances, such as silica, which are part of chemical structure of 

plants. Dissolved inorganic ions and mineral grains found in swampy water are also 

captured by organic matter during early coalification. Mud, shale and pyrite are 

deposited in pores and cracks of the coal seams. (Stultz et al., 1992)

Figure 2-1: The coalification process (DAF = dry ash-free) (Stultz et al, 1992)
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2.4 Classifying Coal

Coal is a heterogeneous substance with a wide range of composition and 

properties. Coals are typically classified by rank. This indicates the progressive 

alteration in the coalification from lignite to sub-bituminous, bituminous and anthracite 

coals. The rank indicates a coal’s geological history and broad characteristics.

2.5 ASTM Classification by Rank

The system used in the U.S. for classifying coal by rank was established by the 

American Society for Testing and Materials (ASTM). ASTM classification is a system 

which uses the volatile matter and fixed carbon (FC) results from proximate analysis and 

the heating value of coal as ranking criteria. This system aids in identifying commercial 

uses of coals and provides basic information regarding combustion characteristics.

The classification system is given in Table 2-2 and described in section D-388 of 

the ASTM standards. Proximate analysis is based on the laboratory procedure described 

in ASTM D-271. In this procedure, moisture content, ash remaining after complete 

burning, amount of gases released when heated to a prescribed temperature, and fixed 

carbon remaining after volatilization are determined.

A typical as-received and dry-basis proximate analysis o f coal from Usibelli Coal 

Mine, Healy, Alaska is presented in Table 2-3. An as-received analysis includes the total 

moisture content of the coal as it is received at the power plant.
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Table 2-2: Classification of coals by rank

Table 2-3: Proximate analysis of Usibelli Coal, Healy, AK (raw-coal samples as fed to

pulverizer)

As
Received

Dry
Basis

Moisture 27.40 ****

Ash 10.66 14.69
VM 34.57 47.62
FC 27.37 37.69
BTU/lb 7389 10178
%Sulfur 0.20 0.28
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The following descriptions briefly summarize the characteristics of each coal

rank.

2.5.1 Peat

Peat, the first product in the formation of coal, is a heterogeneous material 

consisting of partially decomposed plants and mineral matter. Its color ranges from 

yellow to brownish black, depending on its geologic age. Peat has moisture content up to 

70% and a heating value as low as 3000 BTU/lb (6978 kJ/kg).

2.5.2 Lignite

Lignite is the lowest rank coal. Lignite is relatively soft and brown to black in 

color with heating values less than 8300 BTU/lb (19306 kJ/kg). The deposits are 

geologically young and can contain recognizable remains o f plant debris. The moisture 

content of lignite is as high as 45% but the volatile matter content is also high; 

consequently, it ignites easily. Lignite coal dries when exposed to air and spontaneous 

combustion during storage is a concern. Long distance shipment of these coals is usually 

not economical because of their high moisture and low BTU contents.

2.5.3 Sub-bituminous

Sub-bituminous coals are black, having little of the plant like texture and none of 

the brown color associated with the lower rank lignite coal. Sub-bituminous coals are 

non-coking (undergo little swelling upon heating) and have relatively high moisture 

content, which averages from 15 to 30%. They also display a tendency towards 

spontaneous combustion when drying.

Although they are high in volatile matter content and ignite easily, sub- 

bituminous coal generally has less ash and is cleaner burning than lignite coal. Because it 

has reasonably high heating values [8300 to 11500 BTU/lb (19306 to 26749 kJ/kg)] and 

lower sulfur content, many electric power plants use sub-bituminous coal as fuel.

2.5.4 Bituminous

Bituminous coal is the rank most commonly burned in electric utility boilers. It 

appears black with banded layers of glossy and dull black. Typical bituminous coals 

have heating values of 10500 to 14000 BTU/lb (24,423 to 36,053 kJ/kg) and a fixed
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carbon content of 69 to 86%. The heating values are higher but moisture and volatile 

matter content are lower than those of sub-bituminous and lignite coal. Bituminous coal 

rarely experiences spontaneous combustion in storage. High heating value and high 

volatile matter content enable bituminous coal to bum easily when pulverized to fine 

powder. Some bituminous coal, when heated in the absence of air, softens and releases 

volatile matter to form porous, hard, black product known as coke. Coke is used as fuel 

in blast furnaces to make iron.

2.5.5 Anthracite

Anthracite, the highest rank of coal, is shiny black, hard and brittle, with little 

appearance of layers. Its fixed carbon content ranges between 86 and 98%. Its low 

volatile matter content makes it more difficult to ignite. Most anthracite coals have a 

very low moisture content (about 3%), and a heating value of 15000 BTU/lb (34890 

kJ/kg). Anthracite is low in sulfur and volatiles and bums with a hot, clean flame. These 

qualities make it a premium fuel used mostly for domestic heating.

2.6 Coal Sampling

A sample must represent the bulk of coal from which it is taken. The weight of 

the gross sample and the method of collecting and handling it depend on the particle size 

o f coal, the moisture and the ash contents and the purpose for which the sample is 

collected. The collection method should insure representative ash and moisture content. 

After collection, the sample must be handled so that the moisture content does not 

change. If the coal is very wet it should be air dried to stabilize the moisture in a gross 

sample before crushing and quartering. The moisture loss due to air drying must be 

determined. The standard methods for sampling coals and preparing them for analysis 

are ANSI/ASTM D-2234 and ASTM D-2013, respectively.

2.7 Coal Analysis

Two types of coal analyses are in general use, the proximate and the ultimate 

analysis. The proximate analysis gives information on the behavior of coal when it is 

heated, that is how much mass goes off as gas and tar vapors, called the volatile matter, 

and how much remains as fixed carbon. The proximate analysis supplies useful
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information to assist in the selection of coal for steam generation. Along with the 

determination of volatile matter and fixed carbon, the moisture and ash contents and the 

heating value in BTU per pound are also determined. Sulfur is given as a separate 

determination. ANSI/ASTM standards D-3172 is the basic method for proximate 

analysis of coal and coke.

The ultimate analysis gives the elements of which the coal substance is composed. 

These elements include carbon, hydrogen, nitrogen, oxygen and sulfur. Ash content is 

determined as a whole, and when desirable, a separate analysis is made of the ash itself. 

ASTM D-3176 is the standard method for ultimate analysis of coal and coke.

Coal analysis given on several bases and it is customary to select the basis to suit 

the application. For the purpose of classification, the dry or moist and mineral-matter- 

free (MMF) bases are generally used. For combustion calculations, the as-received basis 

is applicable.

2.7.1 As-Received Basis

The as-received analysis of a fuel represents the actual proportion of the 

constituents in the fuel sample as received at the laboratory. The sample may be fuel as 

fired, as mined, or in any other given condition.

2.7.2 Moisture-Free (Dry) Basis

Even in the same coal, moisture content is variable due to different conditions of 

handling and exposure. Coal as received at a plant may contain an amount of moisture 

that is different from that of the coal received at the laboratory for analysis. Both may 

vary with weather conditions. Also, in a plant burning pulverized fuel, the coal may 

carry one percentage of moisture as delivered to the raw-coal bunker, another as 

delivered to the pulverizer, another as delivered to the pulverized coal bunker (in a 

storage system), and still another as fired. When laboratory determines an ultimate 

analysis as-wet, as-received, or as-fired, the moisture can be reported as hydrogen and 

oxygen and added to the hydrogen and oxygen of the coal itself.
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2.7.3 Dry Mineral-Matter-Free Basis

As mentioned previously, because the ash does not correspond in percentage to 

the mineral matter in the coal, errors are introduced which become a significant problem 

in classifying coals according to rank. Formulas used to correct for the mineral matter 

and to determine volatile matter, fixed carbon and heating value on a mineral-matter-free 

basis are provided in ASTM standards.

2.8 Items of Proximate Analysis

2.8.1 Moisture Determination

Coal received at an electric power plant contains varying amounts of moisture in 

several forms. There is inherent and surface moisture in coal. Inherent moisture is a 

naturally combined part of the coal deposit. It is held tightly within the coal structure and 

cannot be removed easily when the coal is dried in air. The surface moisture is not part 

of the coal deposit and has been added externally. Surface moisture is more easily 

removed from coal when exposed to air.

The ASTM standard procedure for moisture determination (D-121) defines the 

total coal moisture as the loss in weight of a sample under controlled conditions o f 

temperature, time and air flow. Using ASTM D-3302, the total moisture is calculated 

from the moisture lost or gained in air drying and the residual moisture. The residual 

moisture is determined by oven drying the air dried sample. Because subsequent ASTM 

analyses (such as Proximate and Ultimate) are performed on an air dried sample, the 

residual moisture value is required to convert these results to a dry basis. In addition, the 

moisture lost on air drying provides an indication of the drying required in the handling 

and pulverization portions of the boiler coal feed system.

2.8.2 Volatile Matter Content

The volatile matter is the portion which, exclusive of water vapor, is driven off in 

gas or vapor form when the coal is subjected to a standardized temperature test. It 

consists of hydrocarbons and other gases resulting from distillation and decomposition. 

Volatile matter of coal is determined by the ASTM standard procedure D-3175. The 

temperature and the time are parameters in this test, and determine the definition of
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volatile matter. Temperature must be at 950°±20°C, and heating must be exactly seven 

minutes.

The main constituents of volatile matter in all ranks of coal are hydrogen, oxygen, 

carbon monoxide, methane and other hydrocarbons, and that portion of moisture that is 

formed by chemical combination of the coal substance. The composition of volatile 

matter varies greatly for different ranks of coal.

Volatile matter is used to establish the rank of coals, to indicate coke yield on 

carbonization processes, to provide the basis for purchasing and selling and to establish 

burning characteristics.

2.8.3 Fixed Carbon

The fixed carbon is the combustible residue left after driving off the volatile 

matter. It is not all carbon, and its form and hardness are an indication of the coking 

properties of a coal. Therefore, this measure can be a guide to choice of fuel-firing 

equipment. The fixed carbon represents that portion of fuel that must be burned in solid 

state, either in the fuel bed or stoker, or as solid particles in the pulverized fuel furnace. 

The percentage of fixed carbon in a proximate analysis is obtained by subtracting from 

100 the sum of the percentages of moisture, volatile matter and ash.

2.8.4 Ash

The ASTM definition for ash is the inorganic residue remaining after the ignition 

of the combustible substances. This definition is followed by two notes, one of which 

states that ash may not be identical in composition or quantity to inorganic substances 

present in the coal before ignition. The second note specifies that, in case of coal and 

coke, the methods shall be those prescribed by ASTM standards D-3174. This method 

determines the ash content by weighing the residue remaining after the coal is burned 

under rigidly controlled conditions of sample weight, temperature, time and atmosphere, 

oxidizing or reducing.
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2.8.5 Sulfur

Sulfur is separately determined, and its amount is useful in judging the 

corrosiveness of the products of combustion o f a fuel. Combustion of sulfur forms 

oxides, which combine with water to form acids that maybe deposited when the 

combustion gas is cooled below its dew-point temperature.

Sulfur in coal occurs in three forms. It can be present in organic combination as 

part of the coal substance; it can be present as the sulfide element in pyrites and 

marcasite; or it can be present as the sulfate group. ASTM standards D-2492 gives a 

standard test method for the determination of the forms of sulfur in coal. Sulfate sulfur 

and pyrite sulfur are first determined, and organic sulfur is found by the determining the 

difference from the total sulfur. The quantity of pyretic sulfur is an indicator of potential 

coal abrasiveness.

2.8.6 Heating Value

The gross calorific value of coal, determined using an adiabatic bomb calorimeter 

as described in ASTM D-2015, is expressed in BTU/lb (kJ/kg) on various bases (as- 

received, dry and ash free). This value determines the maximum theoretical fuel energy 

available for the production of steam. Consequently, it is used to determine the quantity 

of fuel which must be handled, pulverized and fired.

Gross (higher) heating value (HHV) is defined as the heat released from 

combustion of a unit fuel quantity (mass), with the products in the form of ash, gaseous 

CO2, SO2, nitrogen and liquid water, and exclusive of any water added as vapor. The net 

(lower) heating value (LHV) is calculated from the HHV. It is the heat produced by unit 

quantity of fuel when all water in the products remains as vapor. This LHV calculation 

(ASTM standard D-407) is made by deducting 1030 BTU/lb (2396 kJ/kg) of water 

derived from the fuel, including water originally present as inherent moisture and that 

formed by the combustion.
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2.8.7 Grindability

This test determines the relative ease of pulverization of coal in comparison with 

coals chosen as standards. The Hardgrove method has been accepted as the standard and 

ASTM standard D-409 defines the grindability of coal by Hardgrove-machine method. 

The method involves grinding 50g of an air dried 16 X 30 mesh (1.18 mm X 600 fim) test 

coal sample in a small ball-and-race mill. The mill is operated for 60 revolutions and the 

quantity of the material that passes 200 mesh (75 micron) screen is measured. From a 

calibration curve relating -200 mesh (-75 micron) material to the grindability o f standard 

samples supplied by the U.S. Department of Energy, the Hardgrove Grindability Index 

(HGI) is determined for the test coal. The results of grindability measurements by the 

Hardgrove machine are affected by several factors, among them the ash and moisture 

content, temperature, and the presence of different petrographic constituents.
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Chapter 3 

Coal Pulverization and Coal Firing

3.1 Coal pulverization

Coal pulverization techniques were developed as an integral part of pulverized 

coal firing. Early systems used ball and tube mills to grind coal and holding bins to 

temporarily store the coal before firing. More responsive and reliable grinding 

equipment was developed to remove holding bins and to direct fire the coal 

pneumatically from the pulverizer into a burner. Pulverizers consist of rolling elements 

on rotating tables to finely grind the coal, which is pneumatically swept from the mill by 

the transport air and carried directly to a burner.

To sustain full load operation of modem coal-fired electric plants, pulverizer 

performance must be reliable. An effective pulverizer must be capable o f handling a 

wide variety o f coals and accommodating load swings. A pulverizer is sized and 

operated as a mass flow machine while the boiler is a heat transfer machine. The heating 

value of fuel plays a key role in integrating these two components.

Different types of coal pulverizers have been applied to coal firing. However, a 

suitable pulverizer should incorporate the following fundamental criteria:

1. optimum fineness for design coals over the entire pulverizer operating range

2. rapid response to load changes

3. stable and safe operation over the entire load of range

4. continuous service over a long operating period

5. acceptable maintenance requirements, particularly of grinding elements, over the 

pulverizer’s life

6. ability to handle variations in coal properties

7. ease of maintenance (minimum number of moving parts and adequate access)

8. minimum building volume
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3.2 The Pulverized-Coal System

A total pulverized-coal system is comprised of pulverizing, delivery and burning 

equipment. It must be capable of both continuous operation and rapid change as required 

by load demands. There are two main pulverized-coal systems:

1. Bin or Storage system: Pulverized-coal is prepared away from the furnace and the 

resulting pulverized-coal-primary-air mixture goes to a cyclone separator and a 

fabric bag filter that separate and exhaust the moisture laden air to the atmosphere 

and discharge the pulverized coal to storage bins. From there the coal is 

pneumatically conveyed through pipelines to utilization bins near the furnace for 

use as needed. The bin system is not used now, since the bin system is subject to 

fire hazards because of the many stages of drying, storing and transporting.

2. Direct-firing system: Compared to a bin system, a direct firing system has greater 

simplicity and hence greater safety, lower space requirements, lower capital and 

operating costs, and greater plant cleanliness. This system continuously processes 

the coal from the receiving storage bunker through a feeder, pulverizer, and 

primary-air fan, to the burners. Fuel flow is adjusted to load demand by 

controlling the feeder and primary air fan.

3.3 Pulverizers

There are two kinds of pulverizers used in power plants: (1) Vertical air-swept 

pulverizer, (2) Horizontal air-swept pulverizer.

3.3.1 Vertical Air-Swept Pulverizer

As shown in Figure 3-1 a rolling action grinding technique is used in vertical air- 

swept pulverizer. The layer of granular material is passed under a roller and compressed 

against a moving table. Motion under applied pressure causes attrition (particle breakup 

by friction) which provides for the most of the reduction in particle size. The layer of 

material acts as a cushion to particles which reduces the effectiveness of grinding but also 

reduces the wear of the roller surface.

Fine particles are removed as grinding proceeds, to prevent excessive grinding, 

power consumption and wear. As shown in Figure 3-2, raw coal is fed into the mill from
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top and passes between the rollers and the rotating table, which reduces the particle size 

of coal. An upward air flow fluidizes the coal and pulls it along. A fluidized bed of coal 

is created just above the throat. The air velocity is kept small enough so that it entrains 

only the small particles. This air-coal mixture is the initial step of the size classification. 

The air is preheated to reduce the moisture of coal, enhancing the combustion process.

Vertical pulverizers are effective drying devices; coals with moisture content up 

to 40% can be handled with vertical pulverizers. Higher moisture can be handled but the 

temperature of preheated air must be increased accordingly. Increasing the temperature 

of air might lead to pulverizer coal fires. A moisture content of 40% requires air 

temperature up to 750°F (399°C).

As coal-air mixture moves upward the flow area increases, which reduces the 

velocity causing the larger particles to be dropped for further grinding. This results in the 

other step of size separation or classification. The final size separation is provided by the 

classifier located at the top of the pulverizer. The coarser particles are dropped back into 

grinding zone and fine particles remain suspended in the air mixture and exit to the 

boiler.

Both coal and air flow into the pulverizer can be controlled to produce the 

required fineness of the particles.

Figure 3-1: Roller mill grinding mechanism (Stultz and Kitto, 1992)
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Figure 3-2: Vertical air-swept pulverizer (Stultz and Kitto, 1992)

3.3.2 Horizontal Air-Swept Pulverizer

Horizontal air-swept pulverizers serve the same applications as vertical types. 

These pulverizers are operated around 600 rpm and grind by both impact and attrition. 

Initial size reduction takes place at the impact section, following which the coal is passed 

between moving and stationary parts for the final size reduction. An exhaust fan 

provides air flow for drying and transport of coal at the final stage. Coal passes through 

quickly so there is little storage in the mill. Since the coal passes quickly, therefore the 

horizontal-axis pulverizer is limited to coals with moisture content of 20%.
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These kinds of mills are used for grinding and drying low grade lignite type coals 

with high ash and moisture contents and low heating values. They operate at variable 

speed to control grinding performance at varying coal feed rates.

Figure 3-3: Horizontal air-swept pulverizer (Stultz and Kitto, 1992)

3.4 Pulverizer Performance Testing

Pulverizer performance tests are conducted to assure compliance with the 

purchase contract. Testing is also done for an overall boiler test or to determine the 

maintenance or adjustments needs. These tests are guided by the procedures in the 

American Society of Mechanical Engineers (ASME) Performance Test Code, PTC 4.2.

3.5 Fineness Testing

The collection of valid fineness samples is a rigorous task in performance testing. 

The sampling is done following the procedure stated in PTC 4.2 and ASTM D197.
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3.6 Coal Firing

Coal was fed into a furnace by hand in early days. Since then, several major 

advances have been made that resulted in increased combustion efficiency. Initially, 

mechanical stokers were used to produce steam. They were designed to feed coal 

continuously into the furnace (by moving it on a grate within the furnace) and also to 

remove ash from the furnace.

Pulverized coal firing was introduced in the 1920’s and resulted in a major 

increase in combustion rates over mechanical stokers. The coal is crushed and ground 

(before firing) to the extent that 70 % of it passes 200 mesh.

3.7 Pulverized Coal Firing

Pulverized coal firing -  burning coal as a fine powdered suspension in an open 

furnace -  is the dominant method in use today. Pulverized coal firing differs from the 

other coal combustion technologies primarily in the much smaller particle size used and 

the resulting high combustion rates. The combustion rate of coal as a solid fuel is 

controlled by the total particle surface area. By pulverizing the coal to around 50 microns 

diameter or smaller, the coal can be completely burned in approximately one to two 

seconds.

Pulverized coal was first used in the 1800s as a cost effective fuel for cement 

kilns. Initially the pulverized coal was temporarily stored in bins before combustion.

The importance of coal drying, particle size control and uniform coal feed were 

recognized. Efforts were made to improve the pulverizer design to permit the direct 

firing of the pulverized coal in the burners without storing of it.

Today, nearly all types of coal, from anthracite to lignite can be burned through 

pulverized firing. Combustion efficiency of most coals approaches that of oil and gas. 

Current research is focused on the reduction in emissions of nitrogen oxides and 

improving the combustion without reduction in boiler performance.

Pulverized coal firing made it possible to construct large, efficient and reliable 

steam generators and power plants. The root of early work on coal pulverization was 

based on the belief that if coal were made fine enough, it would bum as easily and
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efficiently as gas. The mechanism of crushing and pulverizing, however, has not been 

understood theoretically and still remains a matter of controversy. Rittinger’s law (Stultz, 

1992) states that the work needed to reduce a material from a given size to a smaller size 

is proportional to the surface area of the reduced size. This law doesn’t take into account 

other process involved in coal pulverization, and much of the progress in developing 

pulverized-coal furnaces relies heavily on empirical correlations and designs.

According to El-Wakil (1984) to bum coal efficiently, the following two 

requirements must be met:

1. The existence of large quantities of very fine particles of coal, usually those that 

would pass 200 mesh screen, to ensure ready ignition because of their large 

surface-to-volume ratio.

2. The existence of a minimum quantity of coarser particles (greater than 50 mesh) 

to ensure high combustion efficiency. However, too many coarser particles 

would cause slagging and the reduce combustion efficiency.

3.8 Advantages of Pulverized Coal Firing

Pulverized coal firing has the following advantages:

1. Ability to use any size coal.

2. Good variable -load response.

3. A lower requirement for excess air for combustion results in low fan power 

consumption.

4. Lower carbon loss.

5. Higher combustion temperatures and improved thermal efficiency.

6. Lower operation and maintenance cost.

7. Possibility to design for multiple-fuel combustion (oil, gas and coal).
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Chapter 4 

Coal Combustion

4.1 Coal combustion

Coal combustion is defined as the rapid chemical combination of oxygen with the 

combustible elements of the coal. There are just three combustible elements of 

significance in most fossil fuels

• Carbon

• Hydrogen

• Sulfur

Sulfur is a major contributor to corrosion and pollution problems, and is of minor 

significance as a heat source.

The objective o f good combustion is to release all o f the energy in the fuel while 

minimizing losses from combustion imperfections and excess air. There are three Ts 

related to combustion:

• Temperature: The combination o f combustible fuel elements and compounds in

the fuel with oxygen requires temperature high enough to ignite constituents

• Turbulence: Mixing or turbulence to provide intimate oxygen-fuel contact

• Time: Sufficient time to complete the process.

Table 4-1 lists the quality parameters (and their impacts) used to characterize coal 

combustion.
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Table 4-1: Coal combustion quality parameters (Ishii, 2000)

Quality parameter Technological relevance
• Specific energy - Thermal value

• Ash Process contaminant
- Ash disposal

• Moisture Process contaminant

• Sulfur SOx emissions
Corrosion

• Volatile matter - Unbumed fuel loss
Flame stability

• Ash fusion temperatures - Slagging

• Hardgrove grindability index Grindability

• Sodium/chlorine Fouling

4.2 Process of Pulverized Coal Combustion

Combustion of pulverized coal is a very complex process. As soon as coal 

particles are injected into the furnace, they are preheated by the flame. Then, volatile 

matter is evolved, and ignition takes place on the particle or in the gas phase. The fixed 

carbon is also burned during volatile matter evolution based on the coal type. With the 

progress of the combustion, the particle temperature rapidly increases. After all the 

volatile matter has evolved, char combustion becomes dominant. The rate of char 

combustion is relatively slow compared to that of the volatile matter evolution or 

combustion. Finally, ash is produced after the combustion is complete.
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Burner nozzle
Distance from the burner

Figure 4-1: Illustration of combustion phenomena of pulverized coal (Ishii, 2000)

In order to understand such a series of phenomena as ignition, devolatilization, 

char combustion, burnout, pollutant emissions and ash behaviors or elucidate the 

respective detailed mechanisms, the fundamentals of the individual phenomena will be 

described in order as follows.

4.2.1 Ignition

Essenhigh et al (1977), stated that the ignition of coal particles could be a multi 

staged process. A particle could ignite either homogenously or heterogeneously. Small 

sized particles are heated up quickly and volatile matter evolves strongly and 

homogenous ignition takes place. On the other hand, in case of larger particles (greater 

than 100 microns) the temperature increase is slow (lower than 100 K/s) and 

heterogeneous ignition may selectively occur.

Ignition mechanisms of pulverized coal particles are important for the stability o f 

flame. Ignition and combustion are governed by heat and mass transfer and chemical
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reactions. These phenomena are affected by the coal properties such as macerals, 

specific surface area, pore size, and content of volatile matter. The internal structure of 

particles is also an important part of the influences on the ignition behavior.

The process of ignition can be explained as follows:

(a) Pulverized coal particles are introduced into the furnace.

(b) Particle surface area increases due to expansion.

(c) The surface area of particles decreases rapidly through tar solidification in the 

pores on the surface.

(d) Then the surface area increases rapidly in the ignition zone and attains its 

maximum value as tar evaporates and new pores are formed by the volatile 

matter evolution.

(e) Finally, the surface area decreases as ash consolidates to fill the pores.

4.2.2 Evolution of Volatile Matter

In pulverized coal combustion, volatile matter is evolved in about 100 

milliseconds. Even if this process is complete in a short period, evolution of volatile 

matter plays a role for flame stabilization and low NOx emission. Generally, the 

evolution process of volatile matter depends on coal properties.

4.2.3 Char Combustion

In char combustion which includes, lump combustion in stoker boilers and coal 

stoves and so on after evolution of the volatile matter, the combustion behaviors inside a 

particle should be considered. It is difficult to explain the detailed characteristics of 

combustion behavior. To explain the char combustion phenomenon, different models 

have been presented. One simple model is ‘The Shell and Core reaction model”. In this 

model, comparing the experimental result obtained with the simulated results, the 

reaction behavior can also be predicted. The reaction characteristics can be classified by 

three control stages; the reaction control, the diffusion control in the boundary layer and 

the diffusion control in the ash layer (Ishii, 2000).
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4.2.4 Burnout

According to Essenhigh et al (1977) under pulverized coal combustion conditions, 

the burnout time is proportional to the square of the particle diameter, since pulverized 

combustion is controlled by diffusion of oxygen surrounding each particle.

4.3 Combustion of a Single Coal Particle

It is very difficult to investigate coal combustion in industrial conditions; 

therefore most of the present knowledge was gained by experiments with single coal 

particles. The following parameters can affect the combustion of a coal particle

• Type of coal

• Size of the coal particle

• Rate of heating

• Gaseous atmosphere surrounding the particle

4.3.1 Temperature Field within a Coal Particle During Heating

When a coal particle comes in contact with high temperature, the rate of surface 

temperature increase and the profile of temperature within the particle are influenced by 

the following:

• Heat flux to the particle surface by radiation and convection

• Particle size

• Thermal properties of the particle

• Thermal effects within the particle

Field et al. (1967) presented a simple equation for a maximum temperature 

difference within a particle of constant heat conduction coefficient (kp) heated from 

outside by a constant heat flux intensity of q:

The above equation is based on the solution given by Carslaw and Jaeger (1959); 

it treats the coal particle as an inert nonporous solid sphere. For a real coal particle, the 

temperature distribution is influenced by the volatile matter generated during heating. 

The flow of volatiles on the surface of the coal particle can reduce the heat transfer from
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the surroundings to the surface. Peters (1963) suggested that the heat transfer coefficient 

of the particle surface decreases 10 times during fast heating of coal particles; this causes 

a temperature plateau of the particle surface about level of 400 °C, which lasts during the 

whole time o f volatile release. Davies and Brown (1969) explained this temperature 

plateau as a strong endothermic effect associated with devolatilization and not a 

decreased heat transfer coefficient. The thermal properties of coal and their changes 

during volatilization are the factors that can affect accuracy o f temperature field 

prediction.

4.3.2 Coal Particle Swelling during Heating

When coal particles are heated they undergo swelling. The scale of size change 

depends mainly on:

• Type of coal

• Initial particle diameter

• Composition of the surrounding gases

• Rate of heating

Rapid heating of coal leads to bigger swelling; smaller particles (<100 pm) 

behave differently than larger particles o f about several millimeters. It was observed by 

Stahlherm et al. (1974) that the particles with high volatile matter releases more gases 

and as a result produce particles with larger porosity, while the particles with less volatile 

matter are less porous and bum less on the outer surface after devolatilization. Heating a 

coal particle in inert gas results in more swelling (Street et al. 1969). It was observed by 

Tomeczek and Herod et al. (1979) that the smaller particle collapses almost to the initial 

size after swelling when it is heated faster at higher temperature. The bigger particle 

shrank only slightly after reaching the maximum size, when it is heated more slowly and 

to a lower temperature (Tomeczek et al, 1994).

The results of experiments with single particles are mostly scattered because of 

the nonhomogeneous composition of coal particles. Therefore it is difficult to draw 

general conclusion from experiments with single coal particles. Due to swelling,
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particles not only expand, but also change their shapes. A common behavior is that 

nonspherical shapes with sharp edges become rounded off.

*
I

Initial D evolatilization Final

Figure 4-2: Variation of coal particle shape during heating (Tomeczek, 1994)

4.3.3 Kinetics of Coal Devolatilization

Type of coal and final heating temperature are the factors which affect the amount 

and composition of volatile matter released during coal heating. Devolatilization o f coal 

in an oxidizing atmosphere is associated with combustion of the released volatiles in the 

form of a diffusion flame surrounding the particle. During devolatilization all the 

volatiles are in gaseous form. The so called liquids are composed of hydrocarbons (tar) 

and water; these liquids are released completely within the temperature range of 350 -  

500 degrees C that is associated with the plastic state of coal and its swelling. The 

gaseous elements of volatiles are released at higher temperature. The beginning of tar 

release is shifted towards high temperature (Arendt et al., 1981) as the rate of heating is 

increased. Wojcik (1991) stated that volatiles contain only: CH4, C2H6, CO, CO2, H2O, 

and C6H6.

4.3.4 Heat and Mass Transfer within a Devolatilizing Coal Particle

Devolatilization of coal starts at the outer surface of a coal particle. The volatiles 

that are generated within the thin layer close to the surface have a short distance to flow 

in order to escape to the surroundings. This distance increases as the devolatilizing layer 

proceeds towards the center of particle. Most of the volatiles are generated on the walls 

of micro pores and are then transported to the outer surface of the particle. Howard and 

Essenhigh (1967) observed that the devolatilization during rapid heating of a coal particle 

is influenced by the flow of volatiles from inside of the particle through the porous char
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layer. The rate of devolatilization is determined by mass as well as chemical processes 

(Gavalas and Wilks, 1980).

The devolatilization process starts before the ignition of volatiles and continues 

after disappearance of the volatile flames. Devolatilization time is determined optically 

by the presence of volatiles flame (Tomeczek et al., 1994).

4.3.5 Mechanism of Surface Reactions during Coal Combustion

The surface combustion process can be understood by reference to elementary 

mechanisms of surface reactions. The reactions take place at some favorable points of 

the surface characterized by irregularities; these are called active centers. The active 

centers can be related to comer carbon atoms, and inorganic inclusions or oxygen and 

hydrogen groups in the coal molecular structure. The following elementary steps may 

take place at each active center:

• Adsorption of gaseous agents

• Migration of the intermediate compound

• Desorption

The elementary surface reaction is proportional to the surface concentration of 

active centers. The value o f active centers determines the reactivity of a carbonaceous 

substance. The presence of water vapor and carbon dioxide influences the reaction rate, 

but the reaction with oxygen is so fast that this influence on surface reaction is 

insignificant (Tomeczek et al., 1994)

4.3.6 Effective Rate of Coal Particle Combustion Reaction

The following steps describe the combustion process of a devolatilized coal 

particle:

• Diffusion of oxygen through the boundary layer surrounding the particle to the 

surface of the particle.

• Diffusion of oxygen through the gases within the pores of the particle to the 

internal particle surface.

• Chemical reaction of the outer and the inner surfaces of the particle.

• Diffusion of reaction products through the pores to the outer surface.
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• Diffusion of reaction products through the boundary layer to the bulk of the gases 

surrounding the particle.

• Reaction of product gases within the boundary layer with the oxygen diffusing to 

the particle.

4.3.7 Combustion Time of a Devolatilized Particle

The combustion of coal can be divided into three stages:

• Heating to ignition temperature

• Combustion of volatiles

• Char combustion

The combustion time is generally calculated as the sum of the duration times of 

these stages and it can be calculated based on the following equation:

2 M cC ° ^
r d po+d 2po^

kc 4 c J
(Tomeczek, 1994) (4-2)

It is clear that combustion time is a linear function of particle diameter when the 

process is kinetically controlled and a function of diameter squared in diffusion 

controlled conditions. For small initial diameters combustion is always controlled by 

chemical kinetics.

4.3.8 Combustion of Volatiles

The combustion of volatiles takes place as soon as they are ejected from the 

porous structure to the surface, or at some distance from the surface. In the former 

situation, combustion is controlled by the pyrolysis, while in the later situation, by the 

rate of mixing with the combustion air. In the intermediate situation the volatile 

combustion rate is controlled by the kinetics of homogeneous reactions influenced by the 

composition of volatiles.

In most cases, the volatiles mix with the air during their release from the particle. 

If the temperature is sufficiently high, ignition will be spontaneous; however, if the 

temperature is not high enough, then mixture of air and volatiles can bum as a premixed 

gaseous flame even at a large distance from the particle.
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The properties of volatiles depend on the type of coal and on the conditions of 

their formation. The largest mass share of volatiles forms from tar and water. The 

heating value of volatiles increases with increase in the degree of carbonization.
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Chapter 5 

Power Plant Description: Healy No. 1

5.1 Introduction

The Healy Power Plant Unit No. 1 is owned and operated by the Golden Valley 

Electric Association (GVEA) Inc. This is a direct fired pulverized coal power plant. The 

sub-bituminous coal is supplied by the nearby Usibelli Coal Mine (UCM), the only 

operating coal mine in Alaska. Usibelli coal has high volatile matter content (approx. 

38%), low sulfur content (approx 0.18%), low heat value (8200 BTU/lb) and a high 

moisture content (28%).

Coal is fed into the burners at an average flow rate of 50 K lb/hr, or 

approximately 417 million BTU per hour (116 MW), and is burned to produce 28 MW of 

electricity. The generated steam has a temperature of around 903°F, and steam flow of 

242 K lb/hr is used to run the turbine. This power plant has first law efficiency of around 

24.5%.

Healy No. 1 has a Foster Wheeler Energy Corporation Standard Boiler (SF-1) 

originally placed in service in November 1967. According to information provided by 

GVEA, this 250,000 lb per hour steam generator has since undergone two major 

modifications, in 1978 and 1996. In 1978 the steam generator’s air and gas flow system 

was converted from a pressurized system to balanced draft configuration. The 1996 

modifications were made as part of an emission reduction program.

The SF-1 series Foster Wheeler steam generator is a natural circulation unit 

designed for firing of coal. The unit includes the furnace and boiler bank sections in 

which steam is generated, upper and lower drums, a header for collecting and distributing 

water and steam, steam separating equipment, and primary and secondary super heaters. 

The final superheat temperature is controlled within design limits between 60 percent of 

full load by use of a water spray control system. Figure 5.1 shows the schematic for the 

GVEA Healy Power Plant system.
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5.2 Steam Generator Components

The steam generator is comprised of following components as described in the 

GVEA Instruction Manual for Healy Unit No. 1.

5.2.1 Economizer

The economizer is an extended surface heat exchanger composed of 2” outer 

diameter tubes with 5” gilled rings. It is located in the flue in the rear outlet end of the 

steam generator. Feedwater enters the inlet header at the bottom of the economizer and 

flows through the tubes. It is heated by the hot gas which flows across the economizer 

tubes in a direction opposite to the water flow. The feedwater leaves the economizer 

from the outlet header at the top of the section and flows to the upper drum.

5.2.2 Furnace

The walls of furnace are formed by shop-assembled fin-tube panels welded 

together. The furnace has a rectangular section. Its bottom is hopper shaped, formed by 

sloping the front and rear walls. At the center of the hopper bottom is an opening for 

discharge of ash into an ash pit. A section of furnace is bent to form a nose section to 

properly distribute the gas across the superheater section located above this nose. 

Downcomers from the mud (lower) drum carry water to feeder tubes, which supply the 

lower headers of four furnace walls. The water is heated as it flows upward in the water 

walls and steam is generated. From the headers at the top of the furnace walls, the steam- 

water mixture flows through riser tubes into the drum for separation.

5.2.3 Boiler Bank

The boiler bank is located in the furnace outlet section and consists of vertical 

rows of tubes arranged across the width of the unit. These tubes are connected at their 

end to the upper (steam) and lower (mud) drum. The eight (8) rows of tubes at the rear of 

the bank receive water from the steam drum and carry it down to the lower drum to be 

distributed among the boiler riser tubes and the furnace waterfall circuits. The remaining 

twelve (12) rows of boiler tubes at the front of this section (risers) carry water up from 

the lower drum. Some steam is generated as the water is heated and the steam-water 

mixture discharges into steam drum.
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Figure 5-1: GVEA Healy Power Plant Unit No.l, Plant System (Instruction manual, GVEA) U>
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5.2.4 Steam Separation

Steam separators are arranged in two (2) rows along the length of the unit. Each 

row is mounted on a circumferential baffle which extents along the length of drum.

The stearn-water mixture from the furnace and boiler circuits enters the upper drum 

beneath the front baffle. Crossover ducts direct a portion of the flow to the rear baffle. 

The steam -water mixture flows through both rows of steam separators. There the first 

stage of separation is accomplished. The steam discharged through the side openings in 

the separators and the water is discharged from the separator and the water reservoir at 

the bottom of the drum.

Final separation of moisture in the steam is accomplished as the steam comes into 

contact with the chevron elements forming the dryer assemblies. The separated steam 

passes from the dryers through the dry box and leaves the drum through the steam tubes 

at the top of the drum.

The water removed from the steam at the separators and the dryers is combined 

with entering feedwater in the lower section of the drum and re-circulated to the steam 

generating sections.

5.2.5 Superheaters

There are two stages of superheaters utilized in the boiler, both located at the 

furnace exit above the nose section as pendant sections. The superheaters consist of 

vertical, non-drainable tube coils suspended from above and arranged across the width of 

the unit. The pendant section located immediately at the furnace exit is the finishing or 

secondary superheater. The next pendant section in the direction of gas flow is the 

primary superheater.

Dry saturated steam leaves the top of steam drum through steam supply tubes, 

enters the primary superheater inlet section elements and flows counter to the gas flow to 

the outlet header. Steam flows through the secondary superheater inlet header and then 

through the superheater elements parallel to the gas flow to the outlet header, from which 

it leaves the steam generator.
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5.2.6 Water Spray Control

The primary superheater outlet header and secondary superheater inlet header are 

connected by a header containing water spray apparatus. This is used to control the final 

temperature of steam leaving the unit.

All parts of the spray assembly within the headers are corrosion resistant steel. 

The assembly includes stainless steel liners to minimize the possibility of thermal shock 

to the header.

5.2.7 Burners

The steam generator is equipped with four (4) Foster Wheeler, Internal Fuel 

Staged (IFS) low NOx burners arranged in two horizontal rows on the front wall of the 

furnace. Each burner is designed to and equipped for firing pulverized coal and contains 

four (4) limestone injection ports.

5.2.8 Pulverized Fuel System

The Foster Wheeler pulverized fuel system consists of two (2) MBF -19.5 

pulverizers, two (2) Stock Equipment Company Gravimetric Feeders, and four (4) Foster 

Wheeler IFS burners. The capacity of each pulverizer is 23,875 pounds of specified coal 

per hour ground to a fineness of 65 percent through #200 US mesh, and not less than 98 

percent through #50 US mesh. The raw coal feed should be crushed so that not less than 

100 percent passes through a 1 %”ring.

The crushed raw coal is fed by gravity from the bunker to the gravimetric feeder. 

The feeder delivers the coal as required into the raw fuel pipe, through which the coal 

falls to the grinding table of the pulverizer where it is pulverized.

Hot air from the wind-box is delivered to the pulverizer by a primary air fan. This 

air entrains the pulverized coal and carries it through the classifier section, where 

particles of insufficient fineness are rejected for further pulverization, while coal o f 

desired fineness continues through the coal conduits to intervening burners and the 

furnace where it is burned.
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5.2.9 Overfire Air System (OAS)

The formation and emission of nitrous oxides (NOx) can be controlled by the 

technique of staged combustion in the furnace. Combustion air is admitted, separate 

from the burners, through ports in the furnace rear and front walls. These openings, four 

(4) per wall, are situated above the top row of burners.

5.3 Pulverized Coal System at Healy No. 1

A pulverized coal system prepares and delivers the coal fuel to the IFS burners. 

Two (2) pulverizers and four (4) IFS burners provide heat input required by the steam 

generator.

Each pulverized coal system consists of an air swept medium speed vertical 

spindle pulverizer (MBF) (Figure 5-2) complete with speed reducer and induction motor. 

A gravimetric belt type coal feeder delivers raw coal to the pulverizer. Primary air to lift 

and convey the coal fines to the burner is provided by a primary air fan located at each 

mill inlet. Each pulverized coal system is fire protected by a steam inerting system.

The MBF pulverizer is an air-swept, medium speed, vertical spindle, fixed roller coal 

pulverizer. It has been designed to efficiently satisfy the system requirements to supply 

the pulverized fuel of the desired fineness and in necessary quantities over extended 

operating periods.

Each of the three grinding rollers is independently supported by journals in the 

housing and loaded by two spring tensioners. The grinding force is a resultant of the 

spring force and weight of the roller assembly. Coal pulverization occurs between the 

spheroidal surface of the grinding rollers and a grooved grinding ring.

The continuous output of an MBF pulverizer is determined by the amount of coal 

fed into the pulverizer. Primary air flow through the pulverizer maintains equilibrium 

conditions for the circulating coal on the grinding table, in suspension and through 

classifiers. A change in primary air flow for a constant fuel input (change in air-coal 

ratio) results in a corresponding transitory increase or decrease in pulverizer output until 

a new set of equilibrium conditions is established. Primary air is supplied to each 

pulverizer by a primary air fan, receiving air from the air heater. A capacity control
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damper and the fuel feeder regulating mechanisms are connected to the combustion 

control system. As load demand on the steam generator changes, the primary air capacity 

control damper and feeder are regulated to adjust the pulverizer output.

RAW COAL INL&T.

PULVERIZED COAL OUTLE+ 

CLASSIFIER VANE OPERA-P0R-

CLASSIFIER VANES.

REJECT CHUTE-

CLASSIFIER
SECTION

REJECT HOPPER 
GRINDING HOPPEa

TENSIONER- 
ASSEMBLY

PIVOT SHAFT

ROTATING AIR PORT 
ASSEMBLY-

GRINDING SEGMENX 

TABLE

SCRAPER BLADES

BASE SECTION

Figure 5-2: Typical MBF pulverizer (Instruction manual, GVEA)
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5.4 Pulverized Coal System Operation

According to GVEA manual for Healy Unit No. 1 the basic operation of 

Pulverized coal system is as follows:

a. Raw coal is delivered to the center of pulverizer and is centrifugally fed outward 

to a trough in the rotating table by three large rollers where it is pulverized.

b. Once pulverized, the coal continues to travel upward from the grinding segments, 

where it is entrained by a vertical stream of high velocity hot primary air. The 

primary air enters the pulverizer’s plenum chamber underneath the grinding table 

and flows through the rotating air port ring into the grinding zone. The coal, 

which is light enough to be picked by the air, travels with the air along the inside 

of the pulverizer housing to the classifier section. Coal, which has not been 

pulverized fme enough in the grinding section, will be picked up by high velocity 

air stream above the air port ring and re-deposited on the grinding table for further 

pulverization.

c. The coal-air mixture leaving the grinding section passes through adjustable vanes 

in the classifier, which direct the total coal air flow in a circular path to the outlet 

of the pulverizer. The circular (cyclonic) motion exerts centrifugal force on the 

pulverized coal particles in the air stream; the heavier coal particles are forced to 

the outer periphery, where they are rejected and slide down the conical surface of 

the classifier section to the hopper at the bottom of the cone. The remaining 

lighter coal is carried to the pulverizer discharge section and then through the coal 

conduits to the burners.

d. Pyrites and tramp iron, which cannot be carried by the primary air above the air 

port ring, drop down through the ring and into the primary air plenum chamber. 

Scraper blades are provided at the bottom of the grinding table; as the table 

rotates, the pyrites and tramp iron are centrifugally forced by the scraper blades 

toward the outside of the plenum chamber into a chute connected to an external 

disposal system.

The following Table 5-1 gives the MBF coal pulverizer specifications.
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Table 5-1: MBF coal pulverizer specifications (Instruction manual, GVEA)

MBF Coal Pulverizer
Pulverizer size MBF 19.5
Number of pulverizers 2
Pulverizer operating speed 29.4 rpm
Motor size -  HP 200 HP
Motor speed 870 rpm
Pulverizer capacity 23,875 lbs/hr
Type coal Sub-bituminous coal
HHV -  coal 6,950 BTU/lb
Grindability (Hardgrove) 32
Feed size %” X 0”
Fineness -  THRU 200 MESH 65%

THRU 50 MESH 98%
Recommended coaFair outlet temperature 150 F
Number of coal conduits per pulverizer 2
Size of coal conduit (O.D.) to burner 16” O.D.
Speed reducer manufacturer Philadelphia Gear
Type Bevel planetary double reduction
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Chapter 6 

Sample Collection and Analysis

6.1 Coal and Ash Sampling

To determine the effect of change in particle size distribution (PSD) on the power 

plant performance, different coal and ash samples were collected. The collected raw coal 

samples were analyzed to determine the differences between the coals fed into the 

pulverizers during different tests. As there is no way to know the particle size 

distribution (PSD) of pulverized coal directly at the time when it is fed into the burners, 

pulverized coal samples were collected and the PSD and other properties ere determined. 

The bottom-ash and fly-ash samples were collected in order to determine the coal 

combustion efficiency by determining the unbumed carbon.

At the beginning of each test, the vanes (classifier) and primary air were set to 

ensure a desired PSD. Open vanes or higher primary air results in coarse PSD, while the 

opposite results in finer PSD. Note that there is no instantaneous means of knowing the 

actual PSD; therefore, tests were conducted with significantly different settings with the 

hope the resultant PSD’s would be statistically different between tests.

Figure 6-1 shows the schematic of the pulverized coal system at Healy Unit No.

1. During a test, each sampling cycle started with collection of a raw-coal sample for 

mill-A (pulverizer-A). Pulverized-coal samples for Pipe-Al and Pipe-A2 were then 

collected. As soon as pulverized-coal samples were collected for mill-A, the same 

procedure, for collecting raw-coal sample for mill-B (pulverizer-B) and pulverized-coal 

samples for Pipe-Bl and Pipe-B2, was followed. This completes the cycle for collecting 

raw-coal and pulverized-coal samples. A minimum of two cycles were needed for 

statistical validity during each test. Figure 6-2 shows the flow chart of a test.
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Sampling two 
perpendicular 
cross-sections of 
each pipe

Section C-C

Pipes A l, A2, B1 and B2 carry the 
pulverized coal-air mixture from 
the two mills, A and B, to the 
burners.

Figure 6-1: Schematic diagram for pulverized coal system at Healy Unit No. 1

Figure 6-2: Sampling flow chart for a test
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6.2 Sampling Phases

The sampling at Healy Unit No. 1 power plant was done in two phases as 

described.

6.2.1 Sampling Phase-1

The first sampling exercise was conducted from August 26, 2003 to August 28, 

2003. Two three hour tests were conducted at Golden Valley Electric Association’s 

(GVEA) Healy Unit No. 1 power plant, which had just come online following an 

extended summer maintenance program. Test-1 (3:15-6:15PM, 8/26/03) was conducted 

at the current particle size distribution (PSD), while Test-2 (11:15PM of 8/26/03 to 

2:15AM of 8/27/03) was conducted at a coarser PSD.

A total of 47 pulverized coal samples were collected during both tests in six (6) 

sampling cycles; each test was conducted to determine the coal properties and particle 

size distribution.

6.2.2 Sampling Phase-2

The second sampling exercise was conducted from March 18, 2005 to March 20, 

2005. The sampling became more extensive during this Phase. Three four hour tests 

were conducted to collect raw-coal as fed to the pulverizer, pulverized-coal as fed to the 

boiler, fly-ash and bottom-ash samples. Test-3 (10:00 PM 03/18/05 to 1:55 AM, 

03/19/05) was conducted by changing the vane (classifier) settings to coarse PSD. Test-4 

(2:00-6:00 PM, 03/19/05) was conducted at finer vane (classifier) settings and Test-5 

(8:00-12:00 AM, 03/20/05) was conducted by keeping vane (classifier) settings between 

Test-3 and Test-4.

During this phase, the following samples were collected:

1. Raw-Coal: total of twelve (12) samples, four (4) samples each test

2. Pulverized-Coal: total of 28 Samples, eight (8) samples during Test-3 and 

Test-4 each, and twelve (12) during Test-5

3. Fly-Ash: total of twelve (12) Samples, three (3) samples during Test-3, Test-4, 

and six (6) samples during Test-5

4. Bottom-Ash: three (3) Samples, one (1) for each test
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The number of pulverized-coal samples during Phase-2 was reduced, based on the 

statistical experiment design, which is described later in this chapter.

6.3 Raw-Coal Sampling

Representative samples of raw-coal were collected from sampling points just 

before coal was fed to the pulverizers, raw-coal samples were not collected during Phase- 

1 of this study. The raw coal samples were collected to determine the coal properties, 

Hardrove Grindability Index (HGI), and particle size distribution as fed to the 

pulverizers.

A raw-coal sample was collected just before starting a pulverized coal sampling 

cycle, in order to obtain the representative sample of what is going into the pulverizer and 

what is coming out. The raw-coal samples were delivered directly into a bucket with a 

lid to trap moisture. The top size of this sample was 114” and the sample weight was 

10.00 to 13.00 kgs. Figure 6-3 shows the sampling of raw-coal sample at Healy Unit No. 

1 from Mill-A.

Figure 6-3: Raw-coal sample collection at Healy Unit No. 1
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6.4 Pulverized Coal Sampling

Collection of pulverized-coal samples was the most rigorous task. The samples 

were collected from sampling ports on conduits (pipes) feeding pulverized coal to the 

burners, using a dustless sampling connection with a cyclone collector, in accordance 

with American National Standard Institute Pulverized Test Code (ANSI PTC) -  4.2, 

1974. The ASTM standards D-197, 1984 and ASME PTC-4.2, 1969 are the other 

standard procedures which describe collection of pulverized-coal samples. The 

pulverized coal samples were collected to determine the coal properties and the particle 

size distribution (PSD) as fed to the burners.

Figure 6-4 shows the recommended arrangement for sampling pulverized-coal in 

a direct-fired system, using a dustless sampling connection with an aspirator and cyclone 

collector. Before collecting the sample, the sampler was thoroughly cleaned using 

compressed air, and a mason jar was installed on the cyclone collector. Then, the 

sampling probe was inserted in the dustless connection, keeping the cyclone overflow 

valve closed, so that no sample was collected while traversing the fuel transport line 

(pipe) in the insertion direction. The sampling probe was fully inserted to the other 

sidewall o f the pipe transporting the pulverized coal. The cyclone overflow valve was 

opened and a sample was collected for five (5) seconds at each of the predetermined 

locations shown in Figure 6-6. The sampling locations, inside the pipe, were determined 

by an equal area method and sampling was done at the perimeter of each concentric 

circle. The pipe inner diameter at Healy Unit No. 1 is 14 in., and is divided into six 

concentric circles of equal area, creatingl2 sampling locations. The sampling tip was 

kept vertical or facing the coal stream when the sample was collected.

Figure 6-5 shows detailed dimensions of the recommended sampling tip. The 

area is 13/16 in. X 3/8 in., or 0.305 square inches. This is the projected area of the tip 

facing the coal stream.
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ARRANGEMENT FOR SAMPLING PULVERIZED COAL
Source : Coaf P ufvetizers A S M E P T C  -  4.2

Figure 6-4: Arrangement for sampling Pulverized Coal (ASME PTC-4.2, 1969)

iT

Figure 6-5: Details o f Sampling Tip (ASME PTC-4.2, 1969)
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SAMPLING DIRECT-FIRED PULVERIZED COAL-SAMPLING 
STATIONS DIMENSIONS ARE "PERCENT OF PIPE DIA"

Source: Coat Putvenzer A SM E PTC  •

Figure 6-6: Determination of sampling locations inside a pipe (ASME PTC-4.2, 1969)

Each sample was collected along the two perpendicular diameters, so there were 

24 sampling locations inside a coal pipe. Sample increments were collected for five (5) 

seconds at each sampling location. The total sample collection time was 120 seconds (2 

minutes).

In sampling the coal from a stream of coal and air, it is essential that the velocity 

into the sampling tip is nearly the same as the velocity of pipe. If the velocity in the 

sampling probe is much less, the full quota of coarser particles will be entrained, but 

some of the fine particles that should be caught will follow the air in passing around the 

tip. If the velocity in the sampling probe is greater, more than the proper number o f fine 

particles will be drawn into the sampling tip. To ascertain whether a given sample is 

representative and meets the foregoing fineness requirement, the fineness should be
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determined and plotted on the Rosin-Rammler PSD chart. If all the points fall on a 

straight line, then the sample is representative; if not, the sample must be rejected.

According to the standard sampling procedure, samples obtained in a given time 

period should be weighed and compared with the weight of coal passing through the fiiel 

transport line. The weights of sample collected in this study were calculated based on the 

coal flow in the pipe, cross sectional area of pipe, cross sectional area of the tip aperture, 

and the time of sample collection. If the recovery is between 90 and 110 percent, the 

sample should be considered satisfactory with respect to rate of collection. Precautions 

should be taken to keep the sampling tip facing the direction of slow throughout the 

sampling period. Sampling connections should be cleared of the accumulated coal before 

taking samples. It should also be determined that there is no coating of coal on the inside 

of the coal pipe. Figure 6.7 shows the collection of pulverized coal sample.

Figure 6-7: Collection of pulverized-coal samples
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6.5 Fly-Ash Sampling

Fly-ash samples were collected from the fly-ash hoppers at the bag house dust 

collection system. Healy Unit No. 1 has two (2) rows of six (6) modules. To get a 

representative sample, all the fly-ash modules were flushed before each test and fly-ash 

was collected just after all the raw-coal and pulverized-coal sample cycles were 

completed.

Each bag house has a sampling port for collecting the fly-ash samples (Figure 6-8 

(a )). All the sampling ports were cleaned of already deposited ash before sampling, 

using a long screw driver or appropriate tool. A sampling probe was carefully inserted to 

the other sidewall o f the bag house as shown in Figure 6-8 (b). The sample was collected 

inside the sampling cylinder of the sampler. Precautions must be taken while handling 

the sample as it can be hot. The sample was then emptied into a pan and allowed to cool 

(Figure 6-8 (c)). Then the samples from adjacent bag house modules were homogenized 

using a Jones Riffle as shown in Figure 6-8 (d). The number of samples can be further 

reduced by combining the samples from module 1 and 2, 3 and 4, and 5 and 6. Fly-ash 

samples were collected to determine and compare the unbumed carbon among the 

different tests.
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(c) (d)
Figure 6-8: Fly-ash sample collection; (a) Cleaning sample port, (b) Sample 

collection using sample probe, (c) handling the sample and (d) combining samples
using Jones Riffle.

6.6 Bottom-Ash Sampling

The bottom-ash samples were collected from a sampling point at the bottom of 

the furnace. To obtain a representative samples, the bottom-ash was flushed before each 

test and samples were collected just after raw-coal and pulverized-coal sampling cycles 

were completed. One bottom-ash sample was collected for each test.
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The sample was collected directly from the sampling port at the bottom of the 

flimace, with the help of power plant personnel, by a hand shovel. It was secured in a 

five (5) gallon bucket. Because of the bottom-ash quenching mechanism, these samples 

contained approximately 40% water. Therefore, these samples had to be air dried before 

ash analysis. Figure 6-9 shows the collection of the bottom-ash sample.

Figure 6-9: Bottom-ash sample collection

6.7 Sample Analysis

6.7.1 Raw-Coal Sample Analysis

Raw-coal samples were analyzed to determine different properties as described

below.

1. Hardgrove Grindability Index (HGI) -  in accordance with ASTM standards D409

2. Proximate Analysis -  in accordance with ASTM standards D3172

a. Moisture

b. Volatile Matter

c. Fixed Carbon

d. Ash
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3. Calorific Value -  in accordance with ASTM standards D5865

4. Sulfur -  in accordance with ASTM standards D3177

5. PSD Analysis -  in accordance with ASTM standards D4749 for the following 

sieves

a. Using Gilson Screen Shaker

i. 2 1/2 in. (63.00 mm)

ii. 1 1/4 in. (31.50 mm)

iii. 5/8 in. (16.00 mm)

iv. 1/2 in. (12.50 mm)

V. 3/8 in. (9.50 mm)

vi. 1/4 in. (6.30 mm)

Using Ro-tap Sieve Shaker

i. 8 mesh (2.36 mm)

ii. 16 mesh (1.18 mm)

iii. 30 mesh (0.595 mm)

iv. 60 mesh (0.25 mm)

V. 100 mesh (0.15 mm)

vi. 200 mesh (0.075 mm)

6.7.2 Pulverized-Coal Sample Analysis

Pulverized-coal samples were analyzed to determine the following properties.

1. Proximate Analysis -  in accordance with ASTM standards D3172

a. Moisture

b. Volatile Matter

c. Fixed Carbon

d. Ash

2. Calorific Value -  in accordance with ASTM standards D5865

3. Sulfur -  in accordance with ASTM standards D3177
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4. PSD Analysis -  in accordance with ASTM standards D4749 for the following 

sieves

a. Dry Screening using Ro-tap Sieve Shaker

i. 8 mesh (2.36 mm)

ii. 16 mesh (1.18 mm)

iii. 30 mesh (0.595 mm)

iv. 50 mesh (0.30 mm)

b. Wet Screening using High Frequency Vibrating Sieve

i. 100 mesh (0.150 mm)

ii. 200 mesh (0.075 mm)

iii. 400 mesh (0.037 mm)

6.7.3 Bottom-Ash and Fly-Ash Sample Analysis

Bottom-ash and fly-ash samples were analyzed to determine the percentage of ash 

or, as a result, the percentage of unbumed carbon. Ash determination consists essentially 

o f burning a known mass of the material to be analyzed and determining the mass of the 

residue. As burning destroys all but the mineral components, the mass of the residue 

provides an indication of the contribution that minerals made to the original material.

The amount of unbumed carbon in the fly-ash and bottom-ash of coal power stations is a 

measure of the efficiency o f its energy extraction. When the maximum efficiency is 

reached by optimizing the combustion process, the pollution emission is also reduced to a 

minimum.
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Chapter 7 

Results and Discussion

7.1 Sampling Phase-1

The pulverized-coal samples (23 samples from Test-1 and 24 samples from Test- 

2) collected during sampling Phase-1 were analyzed for various properties.

7.2 Pulverized-Coal Sample Weights and Recovery

The following Table 7-1 presents the sample weights as received at the 

laboratory.

Table 7-1: Sample weights as received

Samples : Pulverized Coal (Boiler Feed), Healy No. 1 Generating Plant
(Collected on 26th and 27th Aug, 2003)
Weights : All in one quart glass jars + gasket lids + coal sample (g)
Weight of empty mason jar + gasket + lid = 431.9 g
TEST # 1 (26 Aug, 2003 - 2 : 15 PM to 6 : 15 PM)

Pipe # Sample ID Gross Wt.(g) Net sample Wt. (g)
Cycle 1 A1 T1C1A1 704.30 272.40

A2 T1C1A2 689.50 257.60
B1 T1C1B1 747.11 315.21
B2 T1C1B2 653.39 221.49

Cycle 2 A1 T1C2A1 815.92 384.02
A2 T1C2A2 782.63 350.73
B1 T1C2B1 775.08 343.18
B2 T1C2B2 686.57 254.67

Cycle 3 A1 T1C3A1 743.02 311.12
A2 T1C3A2 728.29 296.39
B1 T1C3B1 751.17 319.27
B2 T1C3B2 680.96 249.06

Cycle 4 A1 T1C4A1 634.17 202.27
A2 T1C4A2 593.30 161.40
B1 T1C4B1 784.86 352.96
B2 T1C4B2 710.92 279.02

Cycle 5 A1 T1C5A1 721.32 289.42
A2 T1C5A2 627.39 195.49
B1 T1C5B1 785.98 354.08
B2 T1C5B2 676.61 244.71

Cycle 6 A1 T1C6A1 748.03 316.13
A2 T1C6A2
B1 T1C6B1 848.62 416.72
B2 T1C6B2 719.40 287.50
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TEST # 2 (26 Aug, 2003 - 11 : 15 PM to 27 Aug, 2003 - 2 : 1 5  AM)
Pipe # Sample ID Gross Wt.(gms) Net Sample Wt. (gms)

Cycle 1 A1 T2C1A1 828.09 396.19
A2 T2C1A2 610.14 178.24
B1 T2C1B1 727.15 295.25
B2 T2C1B2 708.82 276.92

Cycle 2 A1 T2C2A1 815.53 383.63
A2 T2C2A2 764.95 333.05
B1 T2C2B1 765.75 333.85
B2 T2C2B2 680.11 248.21

Cycle 3 A1 T2C3A1 838.33 406.43
A2 T2C3A2 668.72 236.82
B1 T2C3B1 784.31 352.41
B2 T2C3B2 658.97 227.07

Cycle 4 A1 T2C4A1 830.40 398.50
A2 T2C4A2 793.94 362.04
B1 T2C4B1 743.26 311.36
B2 T2C4B2 727.31 295.41

Cycle 5 A1 T2C5A1 882.31 450.41
A2 T2C5A2 724.31 292.41
B1 T2C5B1 715.47 283.57
B2 T2C5B2 606.57 174.67

Cycle 6 A1 T2C6A1 924.09 492.19
A2 T2C6A2 709.15 277.25
B1 T2C6B1 694.89 262.99
B2 T2C6B2 607.58 175.68

7.3 Recovery Range of Pulverized-Coal Samples

The recovery range of samples can be calculated based on the coal flow in the 

pipes (lb/hr), cross sectional area of pipe (sq. in.), cross sectional area of the tip aperture 

of the sampler and the time of sampling. The following calculations were carried out to 

determine 90 to 110 percent recovery range.

Table 7-2: Average1 coal flow during Test-1 and Test-2

Test#
Average Coal Flow 
(Lb/hr)

Avg. Coal Flow Through Each Pipe 
(lb/hr)

Test-1 50857.19 12714.30
Test-2 48767.56 12191.89

1 Average is defined as the mean of different values.
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Duration of sampling = 2 minutes = 2/60 hrs 

Sampler tip area = 0.305 sq. in.

Inner diameter of pipe = 15 in.

Cross sectional area of pipe = 176.625 sq. in.

Sample recovery (lb) = Q * Ta * t / Pa 

Where Q = Average coal flow through each pipe (lb/hr) 

Ta = Sampler tip area (sq. in.) 

t = Sampling duration (hrs.)

Pa = Cross section area of pipe (sq. in.)

Table 7-3: Calculated recovery of each sample for Test-1 and Test-2

Test #
Calculated recovery 
(lbs)

Calculated recovery 
(gm)

90%
recovery

110 % 
recovery

Test-1 0.732 333.94 300.54 367.33
Test-2 0.702 320.22 288.20 352.24

It was observed that only 18 samples fell in the 90 to 110 percent recovery range, 

while there were 25 samples with weights below 90 percent recovery and eight (8) 

samples over 110 percent recovery. To ascertain whether a given sample is 

representative, the Rosin-Rammler PSD charts (shown later) were used to plot the 

fineness.
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7.4 Proximate Analysis of Pulverized-Coal Samples

Table 7-4 summarizes the results for proximate analysis averaged over all six 

cycles of sampling pulverized coal for Test-1 and Test-2 during sampling Phase-1.

Table 7-4: Proximate analyses for sampling Phase-1 (Test-1 and Test-2)

T est-1 Test-2
As
Received

Dry
Basis

As
Received

Dry
Basis

Moisture 14.10 **** 12.90 ****

Ash 15.77 18.37 14.09 16.18
VM 38.73 45.10 39.23 45.04
FC 31.38 36.54 33.78 38.78
BTU/lb 8216 9567 8617 9894
%Sulfur 0.18 0.21 0.17 0.20

Test-1 Test-2
MAF BTU/lb 11719 11804
%MAF V 55.24 53.74
%MAFFC 44.76 46.25
lb S02/mm B 0.44 0.40
%Air Dry loss 7.42 4.35
lb S/mm BTU 0.22 0.20

The proximate analysis results from Test-1 and Test-2 indicated that the coal 

supplied to the power plant was certainly a high volatile matter content coal, as volatile 

matter is 38.73 percent for Test-1 and 39.23 percent for Test-2 on as-received basis. The 

moisture and the ash percentage were higher for Test-1 than Test-2. It was also observed 

that the calorific value (BTU/lb) was higher for Test-2 than Test-1.

Total BTU burned in Test-1 and Test-2 can be calculated using average coal flow, 

duration of each test, and average BTU/lb.
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7.5 Particle Size Distribution (PSD) Analysis

7.5.1 PSD Analysis for Test-1

Table 7-5 represents the PSDs for Test-1 averaged over all six cycles of sampling 

from four pipes.

Table 7-5: PSD analysis for Test-1 averaged over six sampling cycles

Average cumulative % Passing, 1rest-1
Mesh # mm Opening Pipe-A1 Pipe-A2 Pipe-B1 Pipe-B2

8 Mesh 2.380 100.00 100.00 100.00 100.00
16 Mesh 1.190 100.00 100.00 100.00 100.00
30 Mesh 0.595 100.00 100.00 100.00 100.00
50 Mesh 0.297 99.42 99.27 99.33 99.37

100 Mesh 0.149 85.80 85.07 81.04 81.91
200 Mesh 0.074 51.05 49.81 44.53 49.69
400 Mesh 0.037 23.47 23.16 21.28 24.66

The PSDs of all four pipes almost overlap each other, which suggests that the 

classifier settings during Test-1 were similar for all four pipes (Figure 7-1). It is clear 

from the Rosin-Rammler plot criterion that sample PSDs were representative for all four 

pipes during the Test-1, as all points fall nearly on a straight line (Figure 7-2).



rT
fc

lf
D

O
H

ro
t}

 
. 

$ 
G 

n 
Cu

m
ul

at
iv

e 
% 

Pa
ss

in
g

60

Square Opening Size, mm

Figure 7-1: PSD analysis for Test-1 averaged over six sampling cycles
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Figure 7-2: Rosin-Rammler plot for Test-1
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7.5.2 PSD Analysis for Test-2

Table 7-6 represents the PSD analysis for Test-2 averaged over all six cycles of 

sampling for four pipes.

Table 7-6: PSD analysis for Test-2 averaged over six sampling cycles

Average cumulative % Passing, 1rest-1
Mesh# mm Opening Pipe-A1 Pipe-A2 Pipe-B1 Pipe-B2

8 Mesh 2.38 100.00 100.00 100.00 100.00
16 Mesh 1.19 100.00 100.00 100.00 100.00
30 Mesh 0.595 100.00 100.00 100.00 100.00
50 Mesh 0.297 99.21 99.29 98.72 98.81

100 Mesh 0.149 79.64 81.32 72.79 75.75
200 Mesh 0.074 39.67 46.25 37.37 43.91
400 Mesh 0.037 16.18 22.56 17.68 21.94

Square Opening Size, mm

Figure 7-3: PSD analysis for Test-2 averaged over six sampling cycles
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Rosin-Rainmler Size Plot (Test2)
40 um 50 um 60 um 80 um 100 um 200 um 300 urn 400 um 500 um

Figure 7-4: Rosin-Rammler plot for Test-2

It is clear from Figure 7-3 that the PSD for Test-2 varies from pipe to pipe. This 

can be a result o f different classifier settings for different pipes. The Rosin-Rammler plot 

indicates that the sample PSD’s are representative of Test-2, similar to Test-1 (Figure 7- 

4).

7.6 Comparison of Test-1 and Test-2

7.6.1 PSD Analysis

Table 7-7 shows PSD comparison for Test-1 and Test-2 averaged over all the six 

cycles and for all four pipes.
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Table 7-7: PSD comparison for Test-1 and Test-2 (overall average)

Avg. Cumulative % Passing
Mesh# Mm Opening Test-1 Test-2

8 Mesh 2.380 100.00 100.00
16 Mesh 1.190 100.00 100.00
30 Mesh 0.595 100.00 100.00
50 Mesh 0.297 99.35 99.01

100 Mesh 0.149 83.46 77.38
200 Mesh 0.074 48.77 41.80
400 Mesh 0.037 23.14 19.59

The average PSD of Test-1 was 48.77% passing 200 mesh, while that of Test-2 

was statistically different and coarser at 41.80% passing 200 mesh. Note that it is 

common practice to state power plant PSD at 200 mesh. The percentage passing 50 mesh 

was almost same in both tests (passing 99.35% and 99.0% for Test 1 and 2 respectively). 

Rosin-Rammler plots of the PSD reveal that the samples were representative.

Square Opening Size, mm

Figure 7-5: PSD analysis for Test-1 and Test-2 (overall average)
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Rosin-Rammler Size Plot (Testl & Test2)
40 urn 50 um 60 um SO um 100 um 200 um 300 um 400 um 500 um

Figure 7-6: Rosin-Rammler plots for Test-l (finer) and Test-2 (coarser).

7.6.2 Power Plant Operations Data

Table 7-8 summarizes the average power plant Digital Control System (DCS) 

data obtained during two tests, on August 26 and August 27, 2003, over a period of three 

hours each.

Table 7-8: Digital Control System (DCS) data for Healy Unit No. I

Parameter Test-1 Test-2
Steam Temp (°F) 903.51 903.62
Throttle Pressure (psi) 843.90 870.47
Steam Flow K lb / hr 242.13 248.81
MW Plant Output 28.15 28.37
Coal Flow lb/hr 50857.19 48768.56
Air Heater In Temp (°F) 103.34 97.90
Air Heater Out Temp (°F) 582.55 589.96
Circ Water In Temp (°F) 43.59 44.56
Circ Water Out Temp (°F) 73.03 74.31
Hotwell Temp (°F) 91.71 92.58
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7.7 Results from Phase-1

The proximate analyses of the coal burned during the two tests are given in Table 

7-4. It was observed that as-received BTUs were higher for the Test-2 (8617) than the 

Test-1 (8216). However, the quantity of coal burned was lower in the second test (Table 

7.8), and it is clear from Table 7-9 that number of BTUs burned during both the tests was 

similar.

It is clear from Figure 7-2 and Figure 7-4 that PSD of the four pipes had slightly 

different PSD’s for both Test-1 and Test-2. Pipe B1 seems to have the coarsest PSD in 

both tests. This could be an artifact of pipe layout or due to different classifier settings 

for different pipes.

It is common practice to note PSD passing 200 mesh for pulverized coal fired 

power plants. The PSD of Test-1 (on average, 48.77% passing 200 mesh, with a standard 

deviation of 1.04) was finer (statistically significant) than Test-2 (on average, 41.80% 

passing 200 mesh, with a standard deviation of 1.02). Both tests, however, had similar 

PSD’s passing 50 mesh (99.35% and 99.01% for Test-1 and 2, respectively).

Table 7-9 summarizes the main results of the two tests. The steam generation 

appears higher for Test-2 (2.7% higher); while the megawatt generation and MW per 109 

BTU are similar for both the tests. It was observed that both tests were very similar in 

total BTU consumed. Therefore, it can be concluded that coarser grind did not impede 

combustion.
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Table 7-9: Summary of results for sampling Phase-1 (Test-1 and Test-2)

Properties Test -  1 Test -  2

BTU/lb (dry) 9528 9828

BTU/lb (As R.) 8206 8611

Coal flow (lb/hr) 50857 48767

Total BTU (109) 1.252 1.259

PSD (-200 mesh) 48.77 41.80

Steam temp. (F) 903.51 903.62

Steam flow (K lb/hr) 242.13 248.81

MW 28.15 28.37

MW per 109 BTU 22.48 22.53

7.8 Discussion for Phase-1

While the tests demonstrated that coarser grind (to the extent done in the test) of 

high volatile Alaskan coal did not impede combustion, they did not address various other 

aspects of coal combustion, such as:

- Repeatability. Are the results repeatable?

Optimum PSD: Obviously, at some coarseness level, combustion will start to 

deteriorate. What is that coarseness level? The industry standard is 70% 

passing 200 mesh for bituminous coal. However, no such standard has been 

established for Alaska low rank coal. Note from Test-1 (the “as is” PSD 

setting) that the power plant was apparently running at a coarser PSD then the 

industry standard.

- Emissions: Will coarser grind deleteriously affect emissions such as NOx, 

C 02, CO and SOx?
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- Ash deposition (slagging/fouling)'. Coarseness affects residence time of 

particles in the combustion chamber, which in turn affects slagging and 

fouling.

Unburned Carbon/Loss o f Ignition: Will these be a concern?

The answers to the above questions can only be obtained from further studies at 

the power plant. The laboratory study conducted by the Department of Energy (Freeman, 

et al., 1996) is currently the best estimator for combustion issues of Alaska coal. From 

that study, one would expect no problems with emissions, unbumed carbon, or 

slagging/fouling.

7.9 Experimental Design

A sampling simulation was done in an attempt to reduce the number of samples 

that needed to be taken to estimate the PSD. As detailed previously, 24 samples were 

taken in each test, making sampling both time consuming and expensive. Reducing the 

number of samples would make the sampling process less expensive.

The intent of the simulation was to determine the point at which increasing 

samples does not really add new information. A database was first built containing the 

PSD’s of the 24 samples from each test. Simulation was done as follows (starting with n 

= 4):

i. Randomly pick n samples without replacement.

ii. Obtain the mean PSD as determined by the average “% passing 200 mesh”.

iii. Repeat the experiment (i and ii.) 100 times. Each time, note the mean PSD.

iv. Compute the standard deviation or variance of the means from ii. The 

computed standard deviation is an indicator of the spread of the various means 

that could be possible if n samples were picked to obtain the PSD. When n is 

small, this spread will be large, as one could easily see extreme values in any 

experiment.

v. Increase n by 1. If n=23, stop. Plot n vs. variance of means.
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Figure 7-7 plots the results from the above simulation. Each line in the plot 

indicates a simulation run (steps i through v). A total of four runs were conducted. From 

the plots, it appears that very little reduction in variance is obtained past 16 samples (or 4 

sampling runs). Therefore, taking more than 16 samples is not essential. This was also 

verified another way.

A second simulation was done in which n samples were randomly selected. This 

sample group was then compared with the entire database. Assuming that the entire 

database represented the “true” PSD, then this exercise indicates whether the n samples 

were representative of the true PSD. Comparison was done by means of the F-test and t- 

test. This experiment was repeated 100 times for each n. n was varied from 4 to 23. The 

F-test indicated that for all n (n >=4), the PSD indicated by the sample group (of size n), 

was similar to the true PSD 97 to 100 percent of the times. Per the t-test, however, for 

n=4, the indicated PSD was similar to the true PSD only 70% of the time. The indicated 

PSD was similar to the true PSD over 95% of the time for n>=16.

Number of Samples Vs Variance of means for particle size (-200 mesh)

Figure 7-7: Sampling simulation based on percentage passing 200 mesh
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7.10 Sampling Phase-2

The sampling during this phase was more comprehensive than during the Phase-1. 

Raw-coal, bottom-ash and fly-ash samples were also collected along with pulverized-coal 

samples.

7.11 Raw-Coal Sample Analysis

A total of 12 raw-coal samples collected during phase-2 were analyzed to 

determine particle size distribution (PSD). Four (4) raw-coal samples were randomly 

chosen to determine the Hardgrove Grindability Index (HGI) and the Proximate Analysis, 

due to budgetary constraints. Table 7-10 presents the as-received weights of all 12 raw- 

coal samples.

Table 7-10: As-received weights of raw-coal samples

Test# Sample ID As-received Weight (Kg.)
Test 3 T3C1A 12.203

T3C1B 9.188
T3C2A 9.099
T3C2B 12.084

Test 4 T4C1A 9.505
T4C1B 9.385
T4C2A 10.36
T4C2B 12.361

Test 5 T5C1A 8.159
T5C1B 13.052
T5C2A 10.362
T5C2B 10.427

As explained previously, the HGI is an important criterion to determine the 

grindability of coal. The HGI number for Usibelli coal (raw-coal) ranges between 30 and 

35, which suggests that it is hard to pulverize. Table 7-11 shows the HGI number for the 

randomly chosen four (4) samples
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Table 7-11: HGI for randomly chosen raw-coal samples

Sample ID Moisture HGI
T3C1A 17.6 34
T3C1B 16.3 34
T4C1A 17.1 31
T5C2B 16.1 31

Table 7-12 shows the results obtained from proximate analyses of four the 

randomly chosen raw-coal samples. It was determined that as-received moisture in the 

raw-coal is more than 25% and it is high in volatile matter content (around 34%). It is 

evident that the coal fed into the pulverizers during Test-3, Test-4 and Test-5 has the 

same characteristics.

Table 7-12: Proximate analysis for the four randomly chosen raw-coal samples

T3C1A T3C1B T4C1A T5C2B
As
Received

Dry
Basis

As
Received

Dry
Basis

As
Received

Dry
Basis

As
Received

Dry
Basis

Moisture 27.40 **** 26.91 **** 28.69 *★** 25.22 ****

Ash 10.66 14.69 12.71 17.39 10.23 14.34 11.91 15.93
VM 34.57 47.62 33.98 46.49 34.31 48.11 35.20 47.07
FC 27.37 37.69 26.40 36.12 26.77 37.55 27.67 37.00
BTU/lb 7389 10178 7161 9798 7257 10177 7448 9960
%Sulfur 0.20 0.28 0.23 0.31 0.19 0.27 0.22 0.30

All twelve raw-coal samples were analyzed to determine their PSDs. The 

samples were screened through 2 Vi inch (63 mm) mesh to 200 mesh (0.075 mm) using a 

Gilson Screen Shaker and Ro-tap Sieve Shaker. Figure 7-8 shows the PSD analysis for 

all twelve raw-coal samples. The samples show variation of PSD with respect to other 

samples. The sample collected from Mill-A during Test-3 Cycle-1 (T3C1 A) is the 

coarsest and the sample collected from Mill-B during Test-4 Cycle-1 (T4C1B) is the 

finest one.

Even though all samples show variation in PSD from other samples, it is evident 

from the Figure 7-9, which shows the average PSD for each test (3, 4 and 5), that coal fed 

during different tests has nearly the same average PSD.
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Figure 7-8: PSD analysis of raw-coal samples

T3C1A 
I-T3C 2A  

T3C2B 
T4C1B 
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►-T5C2B
— T3C1B
—  T4C1A
— T4C2B 

T5C1A 
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T5C2A
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'  “ Test 5

Square Opening Size (mm)

Figure 7-9: Average PSD analysis of raw-coal for Test-3, Test-4 and Test-5
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The average PSDs over all three tests for Mill-A and Mill-B were also plotted. 

Figure 7-10 shows that coal fed into Mill-A appears to be coarser than coal fed into Mill- 

B.

Square Opening Size, mm

Figure 7-10: Average PSD analysis of raw-coal for Mill-A and Mill-B

7.12 Pulverized-Coal Sample Analysis

According to the statistical experimental design in Phase-1, it was determined that 

it is not necessary to collect 24 samples (6 cycles) to determine the average PSD of 

pulverized-coal during a test. A total of eight (8) pulverized coal samples were collected 

during Test-3 and Test-4 (two cycles each test), and twelve (12) pulverized coal samples 

were collected during Test-5 (three cycles). All 28 pulverized coal samples collected 

during this phase were also analyzed, as in Phase-1.
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7.13 Pulverized-Coal Sample Weights and Recovery

Table 7-13 shows the sample weights of all 28 pulverized-coal samples as- 

received at the laboratory.

Table 7-13: Pulverized-coal sample weights as received at the laboratory

Samples : Pulverized Coal (Boiler Feed), Healy No. 1 Generating Plant
(Collected on 18, 19 and 20 March, 2005)
Gross Weights : All in one quart glass jars + gasket lids + coal sample (g)
Weight of empty mason jar + gasket lid = 436 g

TEST # 3 (18, 19 March, 2005 Time: 10:30 PM to 2:30 AM)
Pipe # Sample ID Gross Wt. (g) Net Sample Wt. (g)

Cycle 1 A1 T3C1A1 642 206
A2 T3C1A2 568 132
B1 T3C1B1 704 268
B2 T3C1B2 607 171

Cycle 2 A1 T3C2A1 599 163
A2 T3C2A2 584 148
B1 T3C2B1 653 217
B2 T3C2B2 661 225

TEST # 4 (19 March, 2005 Time: 2:30 PM to 6:30 PM)
Pipe # Sample ID Gross Wt. (g) Net Sample Wt. (g)

Cycle 1 A1 T4C1A1 660 224
A2 T4C1A2 681 245
B1 T4C1B1 587 151
B2 T4C1B2 622 186

Cycle 2 A1 T4C2A1 666 230
A2 T4C2A2 696 260
B1 T4C2B1 620 184
B2 T4C2B2 632 196

TEST # 5 (20 March, 2005 Time: 9:00 AM to 12:30 PM)
Pipe # Sample ID Gross Wt. (g) Net Sample Wt. (g)

Cycle 1 A1 T5C1A1 694 258
A2 T5C1A2 589 153
B1 T5C1B1 596 160
B2 T5C1B2 620 184

Cycle 2 A1 T5C2A1 602 166
A2 T5C2A2 625 189
B1 T5C2B1 616 180
B2 T5C2B2 636 200
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Cycle 3 A1 T5C3A1 735 299
A2 T5C3A2 584 148
B1 T5C3B1 708 272
B2 T5C3B2 620 184

7.14 Recovery Range of Pulverized-Coal Samples

Recovery range for pulverized-coal samples collected during Phase-2 was also 

calculated as described previously in Section 7-3. Table 7-14 shows average coal flow 

through each pipe and Table 7-15 shows the calculated recovery of each sample during 

Test-3, Test-4 and Test-5.

Table 7-14: Average coal flow during Test-3, Test-4 and Test-5

Test# Average Coal Flow (lb/hr)
Avg. Coal Flow Through Each Pipe 

(lb/hr)
Test-3 49922.08 12480.52
Test-4 52336.95 13084.24
Test-5 50392.84 12598.21

Table 7.15: Calculated recovery of each sample for Test-3, Test-4 and Test-5

Test#
Calculated 

recovery (lbs)
Calculated recovery

(g)
90%

recovery
110%

recovery
Test-3 0.718 327.80 295.02 360.58
Test-4 0.753 343.66 309.29 378.02
Test-5 0.725 330.89 297.80 363.98

It was observed that only two (2) samples fell in the 90 to 110 percent recovery 

range. Recovery for the rest of the samples was less than the lower recovery range (90 

percent). Rosin-Rammler plots were used to check whether sample PSDs were 

representative.

7.15 Proximate Analysis of Pulverized-Coal Samples

Proximate analysis results from Phase-2 show that the coals fed into the boiler 

during Test-3, Test-4 and Test-5 are similar with respect to proximate analysis. Table 7- 

16 summarizes the results of the proximate analysis for Phase-2 averaged over each test.
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Test-3 Test-4 Test-5
As
Received

Dry
Basis

As
Received

Dry
Basis

As
Received

Dry
Basis

Moisture 15.63 **** 16.66 **** 15.96 ****

Ash 13.80 16.35 12.94 15.52 13.00 15.48
VM 40.04 47.46 39.99 47.98 40.38 48.06
FC 30.53 36.19 30.42 36.50 30.65 36.47
BTU/lb 8317 9859 8315 9977 8413 10012
%Sulfur 0.26 0.31 0.24 0.29 0.25 0.30

MAF Basis
Test-3 Test-4 Test-5

MAF BTU/lb 11785 11810 11845
%MAF V 56.74 56.79 56.85
%MAF FC 43.26 43.21 43.15
lb S02/mm BTU 0.62 0.58 0.59
%Air Dry loss 7.23 7.97 7.33
lb S/mm BTU 0.31 0.29 0.30

7.16 Particle Size Distribution (PSD) Analysis

7.16.1 PSD Analysis for Test-3

Table 7-17 presents PSD analysis for Test-3 averaged over cycle-1 and cycle-2 

for all four pipes.

Table 7-17: Average PSD analysis for Test-3

Average cumulative % passing, Test-3
Mesh # mm Opening Pipe-A1 Pipe-A2 Pipe-B1 Pipe-B2

8 Mesh 2.380 100.00 100.00 100.00 100.00
16 Mesh 1.190 99.82 99.96 99.93 99.89
30 Mesh 0.595 99.64 99.76 99.74 99.66
50 Mesh 0.297 97.08 98.13 98.28 97.86

100 Mesh 0.149 73.61 79.08 80.08 82.25
200 Mesh 0.074 41.16 47.19 44.92 50.95
400 Mesh 0.037 19.36 24.01 21.90 25.18
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Figure 7-11: Average PSD analysis for Test-3

Rosin Rammler Size Plot, (Test3)

36 nm 40 run 46 am 50 nm 66 nm 60  nm 70  nm 80 nm 00 nm 100 nm 160 am 200 nm 260 nm 300 am

Figure 7-12: Rosin-Rammler size plot for Test-3
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It evident from Figure 7-11 and Figure 7-12 that the PSD of pulverized coal for 

Test-3 varied from pipe to pipe as observed in Test-1 and Test-2. This can be explained 

based on different classifier settings for different pipes. A Rosin-Rammler plot (Figure 

7-12) provides evidence that samples were representative, as all the points fall on a 

straight line.

7.16.2 PSD Analysis for Test-4

Table 7-18 presents the results of PSD of pulverized-coal for Test-4 averaged 

over cycle-1 and cycle-2 of sampling. These results were then plotted on a log-log plot 

(Figure 7-13) and a Rosin-Rammler plot (Figure 7-14).

Table 7-18: Average PSD analysis for Test-4

Average cumulative % passing, Test-4
Mesh# mm Opening Pipe-A1 Pipe-A2 Pipe-B1 Pipe-B2

8 Mesh 2.380 100.00 100.00 100.00 100.00
16 Mesh 1.190 99.98 100.00 100.00 100.00
30 Mesh 0.595 99.72 99.81 99.82 99.80
50 Mesh 0.297 96.67 96.91 98.86 98.90

100 Mesh 0.149 73.86 74.33 87.29 86.97
200 Mesh 0.074 40.33 42.84 56.24 54.22
400 Mesh 0.037 19.74 22.00 29.03 27.28
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Figure 7-13: Average PSD analysis for Test-4

Figure 7-14: Rosin-Rammler size plot for Test-4
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It was observed that the PSD for both pipes Al and A2, transporting coal from 

Mill-A to the boiler, was more closely spaced than that of the other two pipes B1 and B2, 

transporting coal from Mill-B to the boiler. This might be explained based on the 

difference between classifier settings.

7.16.3 PSD Analysis for Test-5

Table 7-19 presents results from PSD analysis of pulverized-coal for Test-5 

averaged over all three sampling cycles.

Table 7-19: Average PSD analysis for Test-5

Average cumulative % passing, Test-5
Mesh # mm Opening Pipe-A1 Pipe-A2 Pipe-B1 Pipe-B2

8 Mesh 2.380 100.00 100.00 100.00 100.00
16 Mesh 1.190 99.90 100.00 100.00 100.00
30 Mesh 0.595 99.68 99.93 99.84 99.97
50 Mesh 0.297 97.08 98.76 98.08 98.22

100 Mesh 0.149 74.79 81.93 80.97 83.10
200 Mesh 0.074 41.52 51.74 49.00 50.38
400 Mesh 0.037 20.10 25.58 23.74 24.03

Square Opening Size, mm

Figure 7-15: Average PSD analysis for Test-4

-Pipe A1
- Pipe A2 
-Pipe B1
- Pipe # B2
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Rosin-Rammler Size Plot (TestS)

35n m  40nm  46 nm 50 nm 55 nm 00 am 70 um 80 nm 00 nm 100 nw 150 am 200 nm 250 nm 300 am

Figure 7-16: Rosin-Rammler size plot for Test-5

Figure 7-15 and Figure 7-16 suggest the difference between PSD among different 

pipes for Test-5, similar to observations in the previous tests.

7.17 Comparison of Test-3, Test-4 and Test-5

Table 7-20 shows the average PSD for all three tests conducted during Phase-2. 

The average PSDs were calculated by averaging all particle size fractions over all the 

cycles in a test and over all four pipes.

Table 7-20: PSD comparison for Phase-2 (overall average)

Avg. Cumulative % Passing
Mesh# mm Opening Test-3 Test-4 Test-5

8 Mesh 2.38 100.00 100.00 100.00
16 Mesh 1.19 99.90 100.00 99.97
30 Mesh 0.595 99.70 99.79 99.86
50 Mesh 0.297 97.84 97.83 98.04

100 Mesh 0.149 78.75 80.61 80.20
200 Mesh 0.074 46.05 48.41 48.16
400 Mesh 0.037 22.61 24.51 23.36



81

It was observed that PSD for Test-3 was 46.05% passing 200 mesh while for 

Test-4 and Test-5, it was 48.41% and 48.16% passing 200 mesh, respectively. It is 

evident from Figure 7-17 that Test-3 was the coarsest while Test-4 was the finest and 

Test-5 lay somewhere between the other two tests. The PSDs for different tests were not 

significantly different from each other during this phase. The Test-4 and Test-5 PSDs 

were similar to each other. Unfortunately, as pointed out previously, the PSD of 

pulverized-coal cannot be determined in real time. The PSD passing 50 mesh was the 

same for all three tests, but it was observed to be coarser than Test-1 and Test-2 of Phase-

1. A Rosin-Rammler plot (Figure 7-18) reveals that sample PSDs were representative.

Square openning (mm)

Figure 7-17: PSD analysis for Phase-2 (overall average)
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Rosm-Rammler Size Ptot (Tesl3. TesW and Test5)

1,5 nm JO nm M  nm 80 nm 70 rrn 80 nm 00 nm 100 nm 100 nm 200 nm 250 nm 300 nm

Figure 7-18: Rosin-Rammler size plot for Phase-2

7.18 Bottom-Ash Analysis

As stated previously, three bottom-ash samples were collected during Phase-2. 

These samples were analyzed to determine percentage ash in accordance with the ASTM 

standard. Table 7-21 shows the results of bottom-ash analysis. The percentage of 

unbumed carbon was calculated by subtracting ash percentage from 100.

Table 7-21: Bottom-ash analysis

Test#
Average

%Ash
Average % 

Unbumed Carbon
Test-3 81.87 18.13
Test-4 95.40 4.60
Test-5 77.38 22.62

It was observed that the results from bottom-ash analysis were not consistent 

between the tests. To collect bottom-ash samples, the furnace bottom must be flushed 

with water to cool down the hot bottom ash. While flushing the furnace bottom during 

Test-4, most of the sample was also flushed out with water and it was difficult to obtain 

an appropriate sample of bottom ash during this test. This may have affected the
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determination of ash percentage of bottom-ash during Test-4. Even though results from 

Test-4 were not consistent with Test-3 and Test-5, Test-3 (coarsest) still has lower 

unbumed carbon than Test-5 (finer than Test-3). Figure 7-19 shows the results from 

bottom-ash analysis in graphical form.

25.00

Test-3  T est-4  Test-5

Figure 7-19: Average % unbumed carbon in bottom-ash
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7.19 Fly-Ash Analysis

For fly-ash samples a similar kind of ash analysis was carried out to obtain the 

percentage ash and percentage unbumed carbon as was done for bottom-ash samples. 

Table 7-22 summarizes the results from fly-ash analysis.

Table 7-22: Fly-ash analysis

Test#
Average 
% Ash

Average % 
Unbumed Carbon

Test-3 96.44 3.56
Test-4 96.89 3.11
Test-5 95.94 4.06

It was observed that average percentage unbumed carbon for each of the three 

tests was not markedly different. It was suggested from fly-ash analysis results that 

moving to slightly coarser PSD does not affect the unbumed carbon significantly but 

further tests are needed to establish this. Figure 7-20 shows average percentage unbumed 

carbon results from fly-ash analysis.

Test-3 Test-4 Test-5

Figure 7-20: Average % unburned carbon in fly-ash
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7.20 Power Plant Operation (DCS) Data
Table 7-22 summarizes power plant digital control system (DCS) data for all three

tests during Phase-2, averaged over a period of four hours.

Table 7-23: Digital Control System (DCS) data for Healy Unit No. 1

Parameter Test-3 Test-4 Test-5

Steam Temp (°F) 904.63 903.97 901.24

Steam Flow K lb / hr 249.47 249.26 249.04

MW Plant Output 28.12 28.29 27.92

Coal flow, lb/hr 49922.08 52336.95 50392.84

Air Heater In Temp (°F) 107.32 111.83 102.18

Air Heater Out Temp (°F) 580.91 591.10 592.39

Circ Water In Temp (°F) 37.44 38.04 37.87

Circ Water Out Temp (°F) 73.94 74.84 74.22

Hotwell Temp (°F) 96.39 96.00 96.35

Mill-A amps 38.46 39.86 40.06

Mill-B amps 45.06 48.99 47.32

It was observed that steam temperature was highest for Test-3 (904.63 F), even 

though it had coarsest PSD. The coal flow was highest for Test-4 (52336.95 lbs/hr) but 

megawatts and steam flow appears to be same for all three tests. It was also observed 

that Mill-B consumes more power than Mill-A for all three tests, the power consumption 

may be an indication of equipment condition.

7.21 Mill Power Consumption
The mill power consumption depends on coarseness of ground product as well as 

coal flow and HGI of the coal. Figure 7.21 shows the total amperes consumed to grind 

one thousand pounds of coal for different tests. Test-3 has lowest power consumption 

(1.67 amperes/1000 lbs). Test-4 consumed 1.70 amperes/1000 lbs and Test-5 consumed 

1.73 amperes/1000 lbs. It appears that Test-3 required lower power due to coarser 

ground coal and higher HGI. No conclusion can be reached on the mill power 

consumption since the coals had different HGI s.
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Figure 7-21: Mill power consumption

7.22 Emission Data (Phase-2)

Emission data were obtained from power plant during Phase-2 for NOx, CO, CO2, 

and SO2. Figure 7-22 reveals that there is no common trend in the emission data when 

plotted against different tests. As PSDs for the three tests during this phase were not 

significantly different from each other, effect of PSD on emissions could not be 

evaluated.



(c) (d)
Figure 7-22: Emissions data; (a) NOx emissions, (b) SO2 emissions, (c)

CO2 emissions and (d) CO emissions

7.23 Results from Phase-2

The proximate analyses of the pulverized coal during all three tests are given in 

Table 7-16. The coal fed into the burner during all three tests was almost same in 

properties. There was not any significant difference between the BTUs. However the 

quantity of coal burned in the Test-4 was highest (52336.95 lbs/hr).

It is clear from the PSD analysis for tests that PSD varies from pipe to pipe and 

this can occur due to different classifier settings for different pipes or this can also be an 

artifact of pipe layout.

It was observed that Test-3 was coarsest (with PSD 46.05% passing 200 mesh), 

Test-4 was the finest (with PSD 48.41% passing 200 mesh), and Test-5 lay between other
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two tests (with PSD 48.16% passing 200 mesh) but closer to Test-4. The three tests are

not significantly different in PSD.

Table 7-24 summarizes the results for Phase-2. It was observed that the BTUs 

burned during Test-4 were highest, as this test had maximum coal flow; burning more 

BTUs results in increased megawatts. However, the Test-5 was finer than Test-3; still the 

steam flow and megawatts generated during Test-5 were lower than during Test-3. The 

MW per 109 BTU’s are the highest for Test 3.

Table 7-24: Summary of results for Phase-2 (Test-3, 4 and 5)

Properties Test-3 Test-4 Test-5

BTU/lb (dry) 9859 9977 10012

BTU/lb (As R.) 8317 8315 8413

Coal flow (lb/hr) 49922.0767 52336.95 50392.84

Total BTU (109) 1.246 1.306 1.272

PSD (-200 mesh) 46.05 48.41 48.16

Steam temp. (°F) 904.63 903.97 901.24

Steam flow (K lb/hr) 249.47 249.26 249.04

MW plant output 28.12 28.29 27.92

MW per 109 BTU 22.56 21.66 21.94
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Figure 7-23 plots the average PSD and unit power generation (MW per 109 BTU) 

for Tests 1 through 5. At this time, there appears to be (at best) a mild trend between 

PSD and the unit power generation. Note, however, that conclusions from the plot are 

not entirely legitimate since the three points from Phase-2 should not be treated as three 

separate points on the plot. A plot such as Figure 7-23 is legitimate only if every point in 

the plot is statistically different from every other. Ultimately, the goal of the project is to 

obtain a plot similar to Figure 7-23 and identify the PSD with the highest unit power 

generation.

Figure 7-23: Unit power generation vs. PSD across the two phases.
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Chapter 8

Conclusions and Future Recommendations

8.1 Conclusions
The following conclusions were made based on the results from sampling Phase-1 

and Phase-2.

8.1.1 Conclusions from Phase-1
1. All pulverized coal samples collected during Phase-1 were representative.

2. Coal fed to the burners during Test-1 had less BTU/lb as-received basis than that 

fed during Test-2.

3. PSD of pulverized-coal was significantly coarser in Test-2 than Test-1.

4. A similar number of BTUs were burned during both tests.

5. Steam generation (K lb/hr) was 2.76% higher during Test-2.

6. Almost the same Megawatts were generated during both tests (0.78% higher for 

Test-2).

7. Coarser PSD did not hurt power generation in Phase I.

8.1.2 Conclusions from Phase-2
1. Raw-coal (Usibelli Coal) is high in moisture (more than 25%) and volatile matter

content (around 40%).

2. Coal fed to the pulverizer (raw-coal) was similar in properties (as determined by 

proximate analysis) for all three tests during Phase-2.

3. Coal fed to the Mill-A was apparently coarser than coal fed to the Mill-B.

4. Coal fed to the burners (pulverized-coal) was similar in properties (as determined 

by proximate analysis) for all three tests during Phase-2.

5. Pulverized coal Pipe-Al had the coarsest PSD for all three tests.

6. It was observed that all three tests were almost similar in PSDs.

7. It is difficult to ensure that bottom-ash samples are representative.

8. The unbumed carbon in fly-ash was higher for coarser PSD (Test-3), but not 

markedly different from that in other tests.
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9. Effects on emissions could not be determined during this phase, as PSD of all 

tests were closely spaced.

10. Number of BTUs burned during Test-4 was higher than that during Test-3 and 

Test-5. Test-3 had the highest MW per 109 BTU’s.

11. Steam generation was highest for Test-3 (coarsest PSD).

The results from Phase-1 suggested that coarser PSD does not impede combustion 

or megawatt generation, but due to closely spaced PSDs for all three tests during Phase-3 

the effect of coarser PSD on power plant performance could not be firmly established. 

Additional tests must be conducted to give significantly different PSDs.

8.2 Future Recommendations

Based on the experience from Phase-1 and Phase-2 following recommendations

can be made:
1. Tests should be conducted when power plant and other external conditions (such 

as power grid demands) are such that experimental requirements can be met. 

Otherwise, as in Phase-2, the plant cannot be operated at a wide range of PSDs as 

necessary to obtain statistically different PSD’s.

2. The number of PSD samples taken for each test should be increased from the 

level of Phase-2, especially under narrow power plant operation conditions. An 

increased number of samples would narrow the confidence interval around the 

mean PSD’s.
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