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1 Introduction 

A major problem associated with any power generation process in which coal is 

burned is the formation of ash and slag from the inorganic constituents of the coal. Ash 

deposition on heat transfer surfaces in coal-fired reactors is unavoidable. These deposits 

can have a significant effect on the performance and maintenance of the boiler. Boiler 

manufacturers and operators need to be able to predict the thickness and morphology of 

the ash deposits based on the type of coal used and the reactor operating conditions. 

Thermal transport properties are key inputs for determining both deposit morphology and 

boiler performance. This work presents an experimental method designed to make in situ 

measurements of the spectral emittance of coal ash deposits. Results are presented for 

bituminous and subbituminous coals under both oxidizing and reducing conditions. 

1.1 Background 

Coal is an important source of energy because of its potential for power 

generation and its abundance in the earth. With estimated coal reserves sufficient to last 

for the next 250 years, the United States has more high quality coal than any other 

country in the world [1]. Presently, coal is used to power 57% of U.S. electrical 

generation [2] and it is projected that by the year 2030, coal will be used to produce 48% 

of the world’s electric power [3]. In traditional coal-fired boilers, pulverized coal is 
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burned in an overall oxidizing environment, although there are regions of the boilers that 

are locally under reducing conditions. The heat from the flame is transferred through 

tubes that line the combustion space, producing steam for the generation of electricity [4]. 

Despite its abundance and power generation potential, coal is a controversial fuel 

source because of the pollution caused by conventional coal-burning power plants. 

Among the gases emitted by these plants is carbon dioxide. Many believe carbon dioxide 

to be a primary cause of global warming. On April 17, 2009, the Environmental 

Protection Agency officially announced that carbon dioxide, among other greenhouse 

gases, contributes to air pollution and may endanger public health or welfare [5]. This 

classification of carbon dioxide as a pollutant will allow the EPA to impose regulations 

on carbon dioxide emissions. In addition to carbon dioxide, other pollutants emitted by 

coal burning power plants include sulfur dioxide, which causes acid rain; NOx; and 

mercury, which contaminates rivers and lakes [3]. Because of the pollution caused by 

traditional coal-burning power plants, alternative coal power generation technologies are 

being investigated. 

Among the most promising of the alternative power generation processes is coal 

gasification. In contrast to conventional coal combustion processes wherein the chemical 

energy of the coal is converted to heat, coal gasification is a process by which the 

chemical energy in the coal is converted to chemical energy in gases such as carbon 

monoxide, hydrogen, and hydrocarbons [6]. This synthetic gas, or syngas, can be 

processed to remove impurities before it is burned. Some argue that clean-up process is 

more efficient and has a lower cost than post combustion clean-up processes used in 

traditional coal burning power plants [1]. As opposed to conventional coal-fired power 
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plants which operate under oxidizing conditions, coal gasification occurs in a fuel-rich 

(reducing) environment. The gasification process can be integrated with a combined 

cycle resulting in the integrated gasification combined cycle (IGCC). In this process, the 

syngas is burned in a gas turbine (Brayton Cycle). The exhaust gases of the turbine enter 

a boiler, creating superheated steam which is then used to drive a steam turbine (Rankine 

Cycle) [7]. The thermal efficiency of the IGCC can theoretically be significantly higher 

than that of traditional coal power plants [8]. Studies have shown that pollutants (such as 

SO2, CO, and NOx) and particulate emissions from an IGCC plant are less than one tenth 

of the levels permitted by the New Source Performance Standards [9]. Additionally, 

IGCC plants use 30 to 50 percent less water to produce electric power than other coal-

based power generation technologies [10]. 

1.2 Coal Ash Deposits 

When coal is burned in a traditional boiler the majority of the inorganic material 

contained in the coal remains in the solid phase. Coal ash consists of material that 

remains in the condensed phase after complete combustion. Ash deposits inevitably form 

on the heat transfer surfaces of boilers and on the walls of coal gasifiers. These ash 

deposits can affect the thermal transport in the boiler or gasifier and, therefore, the overall 

performance of the plant. Knowledge of the thermal transport properties of the ash 

deposits is important in determining the effects of the deposits on the performance of 

boilers and gasifiers and in plant design and operation.  

 



4 

1.3 Motivation 

Ash deposits can adversely affect the thermal transport through heat transfer 

surfaces [11]. Accordingly, the effects of ash deposits can have a significant impact on 

the operation and design of boilers and gasifiers [12-14]. The effects of ash deposits on 

thermal transport are directly related to the properties of the deposits. Experimental 

measurements can provide an understanding of the radiative properties of ash deposits 

and, in turn, provide important information about reactor design and operation. Because 

the deposit properties are sensitive to the environment in which they are formed [13, 15, 

16], in situ emittance measurements under both oxidizing and reducing conditions are 

important for the optimization of boilers and gasifiers. 

1.4 Research Objectives and Contributions 

The objectives of this work include: 1) the development of an experimental 

procedure to make in situ emittance measurements of coal ash deposits and 2) obtaining 

in situ measurements of ash deposits of different coals under both oxidizing and reducing 

conditions. The experimental procedure includes a method for simulating the 

accumulation of ash deposits under oxidizing and reducing conditions as well as a 

method for measuring the emittance of these deposits. In situ emittance data is acquired 

for a bituminous coal and a subbituminous coal under oxidizing and reducing conditions. 
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point of intersection marks the point of interrogation. The aperture is removed and the 

probe surface is placed at the interrogation point. The probe is positioned such that one of 

the thermocouples embedded in its surface is close to the interrogation point. This 

thermocouple is used to monitor the surface temperature of the probe at the interrogation 

point. Heat guns are used to heat the probe to a specified temperature and a spectrum is 

collected. Figure 6-7 shows a picture of the experimental setup. 

 

Figure 6-7. Experimental setup used to measure the spectral emittance of the clean, painted deposit 

probe. 

 

The probe is replaced by the blackbody radiator. Spectra are collected at a number of 

blackbody temperatures and an instrument response function is created. The response 

function is used to find the spectral emittance of the painted probe according to Eq. (4-3). 

This experiment was performed at a number of different probe temperatures. The 

experiment was repeated periodically over the course of two months to ensure that the 

spectral emittance of the painted probe did not change significantly after cleaning and 

repainting the probe for each ash deposition experiment. Figure 6-8 shows the average 
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spectral emittance of the painted probe with representative error bars that indicate a 95% 

confidence interval. The error at a given wavenumber was found by multiplying the 

standard deviation at that wavenumber by the t-statistic value corresponding to the 

number of degrees of freedom (i.e. the number of experiments run minus one) for a 95% 

confidence interval. This spectral emittance was used in calculating the instrument 

response function at the beginning of each experiment. 

 

Figure 6-8. Spectral emittance of the clean, painted deposit probe. 

 

6.3 Experimental Procedure 

After the instrument response function is found, the deposition experiment is 

started. Pulverized coal (with a nominal size of 75 m) is injected into the reactor at a 

feed rate of 3.5 pounds per hour. The probe is rotated at a rate of ¼ rpm. The probe 

rotation ensures that the ash is uniformly deposited on the probe. The thickness of the ash 

layer on the probe is measured using a laser range finder (profilometer). The probe is air 
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cooled such that the outer surface is maintained at a nominal temperature of 400ºC. 

Approximately every thirty minutes the coal is turned off and the probe rotation is 

stopped. When the probe temperatures reach steady state, a spectrum is collected. 

6.3.1 Particle Cloud Interference 

The coal must be stopped because the particle cloud surrounding the probe 

interferes with the signal from the ash layer. Figure 6-9 shows a comparison of the 

deposit probe with and without the particle cloud, while Figure 6-10 shows compared the 

high-resolution signals output by the FTIR with and without the particle cloud. 

 

 

Figure 6-9. Comparison of the deposit probe without (top) and with (bottom) the particle cloud 

present when coal is being burned. 
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Figure 6-10. Comparison of the high-resolution signal from the FTIR with and without the particle 

cloud surrounding the deposit probe. 

 

It is clear that the particle cloud interferes with the signal. The noise level is significantly 

higher, especially at lower wavenumbers. This interference significantly decreases the 

accuracy of the temperature inference technique described in section 4.5. 

6.3.2 Probe Rotation 

The probe rotation is stopped such that the probe is in the exact position as it was 

during the creation of the instrument response function. This minimizes the error caused 

by the probe being out of round. When the instrument response function is created, the 

probe is positioned such that the alignment lasers converge on the probe at the desired 
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point of interrogation. As the probe rotates, the laser points diverge and then converge 

again as the probe approaches the starting position. This divergence results from the 

probe being out of round. It is necessary, therefore, to stop the probe while spectra are 

being collected. An experiment was conducted in which the spectral emittance of the 

cleaned, painted probe was measured. Emittance measurements were made both when the 

probe was rotating and when the probe was stationary. No ash was on the probe during 

this experiment. Figure 6-11 compares the calculated spectral emittance of the probe for a 

rotating and non-rotating probe with the spectral emittance of the probe found in section 

6.2.2. 

 

Figure 6-11. Comparison of the actual spectral emittance of the painted probe (solid line) to the 

spectral emittance calculated with (dotted line) and without (dashed line) the probe rotating. 
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The average error between the actual probe emittance and the calculated probe emittance 

when the probe was stationary was 0.66%. The error with the probe rotating was 2.3%. 

This error would increase significantly with the formation of an ash deposit. The growth 

of the ash deposit would cause a greater divergence from the original probe position. The 

surface temperature measurement was also affected by the probe rotation. Theoretically, 

the probe rotation would be slow enough such that at any given point, the probe surface 

temperature would remain at a steady state. In practice, however the probe rotation 

causes a temperature gradient within the point of interrogation. 

6.4 Reducing Conditions - Experimental Setup 

For the experiments performed under reducing conditions, the ash-deposition 

experimental setup and procedures were the same as those described in Chapter 3. A 

secondary methane lance was inserted into an access port in one of the bottom two 

sections of the multi-fuel reactor, as shown in Figure 6-12. 
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Figure 6-12. Schematic of multi-fuel reactor used in deposition experiments under reducing 

conditions. 
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With the addition of the secondary methane injection, an overall rich stoichiometry is 

created at the bottom of the MFR. Under these conditions, a flame “sheet” forms at the 

reactor outlet, where the room air mixes with the exhaust gases. The ash deposit forms on 

the deposition probe within this flame sheet under fuel-rich conditions. Sooting can be 

eliminated by premixing the secondary methane with air. 

The flame sheet formed when burning coal under reducing conditions interferes 

with the optical path between the FTIR spectrometer and the ash deposit. Figure 6-13 

compares the probe at the reactor outlet with and without the flame sheet. 

 

 

Figure 6-13. Comparison of the deposit probe without (top) and with (bottom) the particle cloud and 

flame sheet present when coal is burned under reducing conditions. 
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 The emission from the flame sheet significantly affects the FTIR signal. In order to gain 

optical access through the flame sheet to the deposition probe, a snorkel was designed 

and manufactured. The snorkel consists of a thin steel tube which is placed through the 

flame sheet between the deposit probe and the first off-axis parabolic mirror in the optical 

path, as seen in Figure 6-14. 

 

Figure 6-14. Experimental setup for measuring emittance of ash deposits that form in a reducing 

environment. 

 
The snorkel is purged with nitrogen to ensure that the exhaust gases do not enter 

the tube and interfere with the FTIR signal. The inner diameter of the snorkel is greater 

than the diameter of the off-axis parabolic mirrors. In order to ensure that the snorkel 

does not physically interfere with the optical path, the snorkel is positioned such that the 

interferogram intensity is the same with and without the snorkel. An experiment was 

performed to ensure that the snorkel had no effect on the signal. The cleaned, painted 

probe was placed in the reactor outlet and allowed to reach a steady state temperature. 

The point of interrogation was aligned with a thermocouple to monitor the probe surface 

temperature. Spectra were collected with and without the snorkel. No coal was burned 
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during the experiment. Figure 6-15 shows the output signals from the FTIR with and 

without the snorkel and Figure 6-16 compares the corresponding spectral emittances. The 

use of the snorkel resulted in a slight increase in the surface temperature of the deposition 

probe because it affected the exhaust flow around the probe. This increase in temperature 

is reflected in the FTIR signal. This is the only apparent effect of the snorkel on the FTIR 

signal. The difference in spectral emittance is within the uncertainty of the spectral 

emittance of the painted probe. 

 

Figure 6-15. Comparison of signals output by the FTIR with (solid line) and without (dashed line) 

the snorkel. 
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Figure 6-16. Comparison of spectral emittance calculated with (solid line) and without (dashed line) 

the snorkel. 
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during a reducing experiment with and without the nitrogen purge in the snorkel. The 

data reduction procedure is the same as that for the oxidizing experiments. 

 

Figure 6-17. Comparison of signals from the FTIR from the probe seen through the snorkel with and 

without the nitrogen purge in the snorkel. 

 

6.5 Data Reduction 

A single ash deposition experiment may last from ten to sixteen hours, depending 

on the desired deposit thickness. This includes the time required to heat up and cool down 

the reactor. Typically, coal is burned for three to six hours. Once the experiment is 

complete, the data gathered is reduced and the spectral emittance of the ash layer is 

found. The Omnic software package is used to monitor the interferogram and to collect 

the spectra. The Omnic files are exported as comma delimited text files. The low 
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resolution files are imported into Microsoft Excel. For each spectra collected, the ash 

surface temperature is found using the technique described in section 4.5. The solver 

function in Excel is used to minimize the difference between the ratios of the spectral 

emissive powers found using the response function and those found using the Planck 

function. The spectral band used to infer the surface temperature consists of the 

wavenumbers between 2453 cm-1 and 2947 cm-1. The spectral emittance at each time that 

a spectrum was collected is found using Eq. (4-3) and the instrument response function 

found at the beginning of the experiment. Finally, the total emittance is found from the 

methods developed in section 4.6. 

6.6 Summary 

The experimental procedure used to make in situ spectral emittance measurements 

of ash deposits was presented in this chapter. An optical path directs the radiative energy 

from the ash deposit into the FTIR. An alignment procedure was developed to ensure that 

the FTIR was correctly aimed at the desired point of interrogation on the deposit probe. 

The instrument response function is calculated by collecting spectra from the cleaned, 

painted deposit probe of known spectral emittance at a number of known temperatures. 

The effect of reflections from the deposit probe on the spectral emittance measurements 

was shown to be negligible. The importance of temporarily stopping the coal and the 

probe rotation while spectra are collected was investigated. For experiments performed 

under reducing conditions, a nitrogen-purged snorkel was employed to allow for optical 

access through the flame sheet present under these conditions. The effects of the snorkel 

on the emittance measurements were analyzed. 
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7 Results of Experiments 

The in situ spectral emittances of two different coals under both oxidizing and 

reducing conditions are presented in this chapter. A number of total emittances are also 

presented along with the errors associated with these measurements. 

7.1 Oxidizing Conditions: Bituminous Coal 

The first coal analyzed under oxidizing conditions was Illinois #6 coal from the 

Crown III mine. This is a bituminous coal. Bituminous coal is the most plentiful type of 

coal in the United States and has a carbon content ranging from 45 to 86 percent carbon 

and a heat value of 10,500 to 15,500 BTUs per pound [31]. The ultimate and proximate 

analyses for the Illinois #6 coal are found in Table A-2. The equivalence ratio at the 

deposit probe for this experiment was 0.73. Figure 7-1 illustrates typical results from a 

single experiment. 
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Figure 7-1. Spectral emittance of ash deposit as a function of the deposition time. 

 

The spectral emittance before the coal is injected is simply equal to the spectral emittance 

of the clean, painted probe. After a short period of time, a thin layer of ash accumulates 

on the probe and the spectral emittance begins to change. At this point, the ash layer is 

not yet opaque and some emission from the probe is still detected by the FTIR 

spectrometer. As more coal is burned and the deposited layer gets thicker, the emission 

detected by the FTIR comes only from the surface of the deposited layer. Figure 7-2 

shows the fluctuations in the spectral emittance of a deposit over time after it is has 

become opaque. 
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Figure 7-2. Spectral emittance of an opaque ash layer as a function of deposition time. 

 

The emittance measurement experiment was repeated five times under the same 

conditions for the Illinois #6 coal. A total of 21 spectral emittance measurements were 

taken for opaque ash deposits. Figure 7-3 shows the average spectral emittance. 

 

Figure 7-3. Spectral emittance of Illinois #6 (bituminous) coal under oxidizing conditions. 
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7.1.1 Uncertainty in the Spectral Emittance 

The error bars in Figure 7-3 were obtained from an uncertainty analysis 

(propagation of error analysis) that is now described. The spectral emittance is found 

according to Eq. (4-21), which can be recast as the following equation. 
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The spectral emittance is a function of the two components of the instrument response 

function ga and gb, the FTIR signal M, and the deposit surface temperature Ts. The error 

in the spectral emittance measurement,  , is defined as follows. 
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It should be noted that this formula assumes that each error is independent of the other 

errors. This is most likely not the case. However, it provides a comparison between the 

magnitudes of the different error terms. The validity of this uncertainty analysis will be 

assessed by a comparison with the uncertainty in the measurements based on the standard 

deviation. 

The ga term of the instrument response function is a function of the spectral 

emittance of the cleaned, painted probe shown in Figure 6-8. The error in the ga term is 

therefore defined as 
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In order to verify the preceding uncertainty analysis, the error bars obtained from 

this analysis are compared to the error bars found simply by looking at the spread of the 

spectral emittance data. Figure 7-8 shows that there is good agreement between both 

methods of quantifying the error in the spectral emittance calculation.  

 

Figure 7-8. Comparison of the error calculated using a standard uncertainty analysis (dashed bars) 

and those calculated from the standard deviation of the data set (solid bars). 
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therefore, cannot be calculated precisely. Upper and lower limits on the total emittance 

can be calculated by assuming the spectral emittance outside of the known spectral band 

to be 1 and 0, respectively. Similarly, an estimate of the total emittance can be made by 

assuming that the values at the edges of the known spectral band remain constant in the 

unknown spectral regions. Figure 7-9 shows these assumed spectral emittances for the 

Illinois #6 coal. 

 
 

Figure 7-9. Assumed spectral emittances of the ash layer beyond the limits of the detector. The 

dashed line represents the upper limit, the dotted line represents the lower limit, and the solid line 

assumes the emittance at the edges remain constant. 

 

If the profiles shown if Figure 7-9 are used with the equations in section 4.6, the total 

emittances can be calculated.  Figure 7-10 shows the total emittances of the Illinois #6 

coal as functions of temperature. 
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Figure 7-10. The total emittance (solid line) of the Illinois #6 coal in oxidizing conditions. The dashed 

line represents the upper limit while the dotted line represents the lower limit. 

 

Another way to approximate the total emittance, based solely on the known 

spectral emittance, is to define a total band emittance B as 
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Equation (7-14) is comparable to Eq. (4-32) except it is defined over a specified band 

instead of over the entire spectrum. The fractional function defined in Eq. (4-34) can still 

be used to find the total band emittance by multiplying the top and bottom of Eq. (7-14) 

by Eb as follows 
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This equation can be rearranged to get 
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Equation (7-16) can be approximated using the fractional function as 
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Using Eq. (7-17) and the equations presented in section 4.6, the total band emittance for 

the Illinois#6 were calculated and plotted with the measurement error. The results are 

shown in Figure 7-11. 

 

Figure 7-11. The total band emittance of the Illinois #6 coal in oxidizing conditions. 
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7.2 Oxidizing Conditions: Subbituminous Coal 

The second coal analyzed under oxidizing conditions was Wyoming coal from the 

Corederro mine. This is a subbituminous coal. Subbituminous coals have a carbon 

content ranging from 35 to 45 percent carbon and a heat value of 8,300 to 13,000 BTUs 

per pound and are generally cleaner burning than bituminous coals because of their lower 

sulfur content. The ultimate and proximate analyses for this coal are found in Table A-1. 

The equivalence ratio for this experiment was 0.71. Figure 7-12 shows typical spectral 

emittance measurements over the course of an experiment. The results over the course of 

a single experiment are comparable to those of the bituminous coal found in Figure 7-1. 

 

Figure 7-12. Spectral emittance of ash deposit as a function of the deposition time. 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

50010001500200025003000



 (cm-1)

painted probe

23 min

63 min

95 min

127 min

159 min

183 min



84 

The experiment was repeated three times under the same conditions for the 

Wyoming coal. A total of twelve spectral emittance measurements were taken for opaque 

ash deposits. Figure 7-13 shows the average spectral emittance with the corresponding 

uncertainty. The trends of the spectral emittance of the subbituminous coal are similar to 

those observed in the bituminous coal, but the spectral emittance of the subbituminous 

coal is lower than that of the bituminous coal. 

 

Figure 7-13. Spectral emittance of Wyoming (subbituminous) coal under oxidizing conditions. 

 

The total emittance estimates were found using the same approximations used for 

the Illinois #6 coal and are shown in Figure 7-14. The total band emittance is shown in 

Figure 7-16. 
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Figure 7-14. The total emittance (solid line) of the Wyoming coal in oxidizing conditions. The dashed 

line represents the upper limit while the dotted line represents the lower limit. 

 

Figure 7-15. The total band emittance of the Wyoming coal in oxidizing conditions. 
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7.3 Summary of Oxidizing Experiments 

The spectral and total emittances for bituminous and subbituminous opaque coal 

ash deposits formed under oxidizing conditions were calculated. Once the deposit 

becomes opaque, any change in spectral emittance is due to the inevitable variation in 

small scale structure of the particulate deposit. A standard uncertainty analysis was 

performed to find the uncertainty in the spectral emittance measurements. Upper and 

lower limits on the total emittances of the deposits were found for both types of coal. The 

spectral emittances of both coals showed similar trends where there was a decrease in 

emittance at low wavenumbers and a leveling off at higher wavenumbers. The emittance 

of the subbituminous coal was lower than that of the bituminous coal. 

7.4 Reducing Conditions 

In situ emittance measurements were also made under reducing conditions. The 

experimental setup and procedures used to produce oxidizing conditions were modified 

to maintain a fuel-rich environment. The reducing environment emulates the conditions 

under which ash deposits are formed in coal gasifiers. Maintaining consistent, repeatable 

reducing conditions was a difficult problem and resulted in a much greater uncertainty in 

the measurements made. Accordingly, the measurements made under reducing conditions 

were made with significantly less confidence than those made under oxidizing conditions. 

7.4.1 Results of Reducing Experiments 

The in situ spectral emittances of two different coals under reducing conditions 

are now presented. The corresponding total emittances are also presented. Figure 7-16 
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shows the spectral emittance of the Illinois #6 coal deposit along with the measurements 

error. A total of six spectral emittance measurements were taken for opaque ash deposits. 

The equivalence ratio for these experiments was 2.33. 

 

Figure 7-16. Spectral emittance of Illinois #6 (bituminous) coal under reducing conditions. 

 

Figure 7-17 shows the total emittances as a function of temperature and Figure 7-18 

shows the total band emittance. 

 

Figure 7-17. The total emittance (solid line) of the Illinois #6 coal in reducing conditions. The dashed 

line represents the upper limit while the dotted line represents the lower limit. 
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Figure 7-18. The total band emittance of the Illinois #6 coal under reducing conditions. 

 

Figure 7-19 shows the spectral emittance of the Wyoming coal deposit and the 

uncertainty in the measurements. A total of 11 spectral emittance measurements were 

taken for opaque ash deposits. The equivalence ratio was 3.10. 

 

Figure 7-19. Spectral emittance of Wyoming (subbituminous) coal under reducing conditions. 
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Figure 7-20 shows the total emittance estimates as a function of temperature and Figure 

7-21 shows the total band emittance. 

 

Figure 7-20. The total band emittance (solid line) of the Wyoming coal in reducing conditions. The 

dashed line represents the upper limit while the dotted line represents the lower limit. 

 

 

Figure 7-21. The total band emittance of the Wyoming coal under reducing conditions. 
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7.5 Summary of Reducing Experiments 

The spectral and total emittances for bituminous and subbituminous opaque coal 

ash deposits formed under reducing conditions were calculated. A nitrogen-purged 

snorkel was employed to allow for optical access through the flame sheet present under 

reducing conditions. The uncertainty in the spectral emittance measurements was 

computed. An estimate of the total emittance was calculated in addition to upper and 

lower limits on the total emittance for both types of coal. A total band emittance was 

defined and calculated with the corresponding measurement error. 
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8 Discussion and Summary 

8.1 Discussion of Oxidizing Experiments 

The spectral emittance of both the bituminous and subbituminous coals exhibited 

the same trends over the course of a deposition experiment. As the deposit thickness 

increased, the change in the spectral emittance decreased. Radiative properties of an 

object generally depend only on a very thin surface layer [16]. Therefore, when the ash 

layer becomes opaque, the spectral emittance of the deposit reaches a more or less steady 

profile. Fluctuations in the spectral emittance beyond this point are most likely a result of 

the continuously changing small scale structure of the particulate deposit and noise in the 

measurements. 

The spectral emittance of both types of coal is relatively flat at high wavenumbers 

(from 3000 to 2000 cm-1). This approximately gray band verifies the assumption made in 

section 4.5 required to make accurate surface temperature measurements. From about 

2000 to 1200 cm-1 there is a sharp increase in the spectral emittance of both types of coal, 

after which there is another relatively gray region from 1200 to 800 cm-1. There follows 

another sharp increase in the spectral emittance through 500 cm-1 (the lower limit of the 

DTGS detector). Both types of coals exhibit these patterns in the spectral emittance, 

although they are more pronounced in that of the bituminous coal. This may be a result of 
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the thinner deposits formed from the subbituminous coal. It is possible that, in some 

cases, the deposits were not thick enough to reach a fully opaque state. If that is the case, 

the finer features of the spectral emittance would not be as apparent. This may have also 

been the case on a number of the bituminous coal experiments, resulting in an average 

spectral emittance that appeared more “smoothed” than the actual emittance profile. In all 

cases, the subbituminous coal had lower spectral emittance values than the bituminous 

coal. 

The total emittance of the ash deposits could not be calculated exactly because the 

spectral emittance was not known over the entire spectrum. An estimate of the total 

emittance was made by assuming that the emittance at the edges of the known spectral 

band remained constant over the rest of the spectrum. Additionally, a total band 

emittance was defined. There was an average difference of 3.3% between the estimated 

total emittance and the defined band emittance over the temperature range of 400 K to 

2000 K. Both total emittance approximations showed little dependence on temperature. 

The total band emittance of both coals under oxidizing conditions decreased by about 0.1 

over a temperature range from 400 K to 2000 K. 

8.2 Discussion of Reducing Experiments 

The spectral emittances of deposits formed under reducing conditions displayed 

the same temporal behavior as those formed under oxidizing conditions. That is, the 

spectral emittance decreased with time until the deposit was opaque, after which all 

changes were due only to the changing structure of the outer layer of the deposit. The 

spectral emittance of the deposits formed under reducing conditions had similar spectral 
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trends as those formed under oxidizing conditions. Specifically, the emittance was 

essentially gray from 3000 to 1800 cm-1, followed by an increase in emittance to 500 cm-

1. However, the finer scale features found in the oxidizing deposit emittances were absent 

in those of the reducing deposits. For both bituminous and subbituminous coals, the 

spectral emittances formed under reducing conditions were higher than those formed 

under oxidizing conditions. Under reducing conditions, there was an average difference 

of 2.3% between the total emittance estimate and the total band emittance over a 

temperature range from 400 K to 2000 K. Over this same temperature range, the 

approximated total emittances of both coals remained essentially constant. 

8.2.1 Limitations of the Reducing Experiments 

The spectral emittance calculations made under reducing conditions appear to be 

consistent and repeatable. However, the effect of using the nitrogen-purged snorkel and 

leaving the coal burning throughout the experiment raise questions about the amount of 

control that was maintained during the experiments. In order to assess the experimental 

method used under reducing conditions, the same method was used under oxidizing 

conditions and compared to the results previously attained. The nitrogen-purged snorkel 

was used when the spectra were collected. A comparison of the spectral emittance 

measurements found using this method and the method described in Chapter 7 is shown 

in Figure 8-1. 
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Figure 8-1. Comparison of the spectral emittance found for the same coal under oxidizing conditions 

with (dashed line) and without (solid line) the snorkel. The coal was off while spectra were collected 

in both cases. 

 

The spectral emittance calculated with the snorkel does not match that found without the 

snorkel. The emittance tends to level off at higher wavenumbers with the snorkel in 

place. This same trend is seen in the emittances found under reducing conditions. This 

raises the question: are the spectral emittance measurements found under reducing 

conditions significantly affected by the experimental methods used? In section 6.4, the 

presence of the snorkel was shown to have a negligible effect on the signal when looking 

only at the cleaned, painted probe. 

In order to assess the influence of leaving the coal on when spectra are collected, 

an experiment was performed in which two spectra were collected sequentially: one with 

the coal on and the next with the coal off. Typical results are shown in Figure 8-2. 
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Figure 8-2. Comparison of the spectral emittance of the ash covered probe with (solid line) and 

without (dashed line) the coal on. The snorkel was used in both cases. 

 

From Figure 8-2, it is clear that leaving the coal on when a spectrum is collected 

results in a higher emittance because, despite the use of the snorkel, there is still a small 

cloud of particles in front of the probe which emits radiation. The combustion gases are 

also present in front of the probe, resulting in large emission bands. However, the 

difference in spectral emittance is essentially constant. There is no spectral variation that 

might explain the difference between the spectral emittances shown in Figure 8-1. There 

is not enough information to definitively account for the difference in spectral emittance 

in Figure 8-1. Possible explanations for the disparity include the non-uniform flow of the 

combustion gases and the changing of the flow around the probe due to the presence of 

the snorkel and the nitrogen purge. More investigation is required to determine the 

accuracy of the reducing deposit measurements. 
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8.3 Summary 

This work consisted of two primary objectives: 1. the development of an 

experimental procedure used to make in situ measurements of the spectral emittance of 

coal ash deposits and 2. in situ experimental measurements of the spectral emittance of 

coal ash deposits for both bituminous and subbituminous coals under oxidizing and 

reducing conditions. The results of this work are important in the design and operation of 

boilers and gasifiers. 

The experimental procedure consisted of collecting ash deposits on a cylindrical 

probe under controlled conditions. A number of instruments were used to analyze the ash 

deposits formed. A Fourier transform infrared (FTIR) spectrometer was used to measure 

the spectral emissive power from the ash deposit. The spectral emissive power, combined 

with an instrument response function, was used to calculate the deposit surface 

temperature and the spectral emittance of the deposit. This experimental method was 

validated by calculating the known temperature and spectral emittance of a blackbody 

radiator. 

The experimental method was used to find the spectral emittance of bituminous 

and subbituminous coals under both oxidizing and reducing conditions. The bituminous 

coal examined was Illinois #6 coal from the Crown III mine. The subbituminous coal 

analyzed was Wyoming coal from the Corederro mine. The spectral emittances of both 

types of coal exhibited similar trends. The emittance of the subbituminous coal was lower 

than that of the bituminous coal. Under reducing conditions, the emittances of both coals 

followed the same trends as those seen under oxidizing conditions. Again, the emittance 

of the bituminous coal was greater than that of the subbituminous coal. The emittance of 
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both coals under reducing conditions was greater than those for oxidizing conditions. 

Some questions were raised about the accuracy of the measurements made under 

reducing conditions. The lack of control maintained during the reducing experiments 

resulted in uncertainties that could not be accounted for. 

8.4 Future Work 

Further investigation is required to determine the accuracy of the spectral 

emittance measurements made under reducing conditions and to account for the 

discrepancies found in this work when making measurements under reducing conditions. 

Analysis of more coals would provide more information about how the type of coal 

affects the emittance of ash deposits. Only loosely-bound particulate ash deposits with a 

nominal thickness of 1 mm were analyzed in this work. The emittance depends highly on 

the morphology of the ash deposit. Accordingly, analysis and experimentation of deposits 

of different size, structure, and morphology (i.e. sintered, particulate, and slag layers) 

would provide important information about the influence of deposit structure on 

emittance. 

  



98 

 

  



99 

9 References 

1.  Smith, D. J., “IGCC Technology continues to Develop,” Power 

Engineering, 107 (11), pp. 102-104 (2003). 
 
2. Medha, J. M., Lee, S., “Integrated Gasification Combined Cycle – A 

Review of IGCC Technology,” Energy Sources, 18 (5), pp. 537-568 
(1996). 

 
3. Kindred, B., “Coal: The Good and the Bad,” State Legislatures, 33 (3), p. 

14 (2007). 
 
4. Turns, S. R., An Introduction to Combustion, 2nd ed. 2000, McGraw-Hill. 
 
5. “EPA Finds Greenhouse Gases Pose Threat to Public Health, Welfare / 

Proposes Finding Comes in Response to 2007 Supreme Court Ruling,” 

<http://yosemite.epa.gov/opa/admpress.nsf/0/0EF7DF675805295D852575
9B00566924> (2009) 

 
6. Hotchkiss, R., “Coal Gasification Technologies,” Proceedings of the 

Institution of Mechanical Engineers. Part A, Journal of Power and 

Energy, 217 (A1), pp. 27-33 (2003). 
 
7. Andrascek, R., Burns and McDonnell, “Comparing Emissions: PC, CFB, 

and IGCC,” Power Engineering, 111 (3), pp. 60-65 (2007). 
 
8. www.fossil.energy.gov, “How Coal Gasification Power Plants Work,” 

(2007). 
 
9. Smith, D. J., “IGCC: The 21

st Century’s Answer for the Clean Burning of 

Coal,” Power Engineering, 104 (11), pp. 53-58 (2000). 
 
10. Blankinship, S., “Gasification Technology Advancements Could Help 

Protect Western Coal Value,” Power Engineering, 111 (6), pp. 3-4 (2007). 
 
 
 



100 

11. Moore, T. J. and Jones, M. R., “A Method of Measuring the Properties of 

Ash Deposits in a Coal Fired Reactor,” Proceedings of HT2007, 2007 
ASME-JSME Thermal Engineering Summer Heat Transfer Conference, 
HT2007-321699, July 8-12, 2007, Vancouver, British Columbia (2007). 

 
12. Anderson, D.W., Heat Transfer Through Coal Ash Deposits. 1985, 

Purdue: West. 
 

13. Wall, T.F., Bhattacharya, S.P., Zhang, D.K., Gupta, R.P. and He, X., The 

Properties and Thermal Effects of Ash Deposits in Coal-Fired Furnaces. 

Progress in Energy and Combustion Science, 1993. 19: p. 487-504. 
 

14. Bockelie, M.J., Denison, M.K., Chen, Z., Linjewile, T., Senior, C.L., and 
Sarofim, A.F., CFD Modeling for Entrained Flow Gasifiers, in 
Gasification Technologies Conference. 2002: San Francisco, CA. 

 
15. Robinson, A.L., Buckley, S.G., Yang, N., and Baxter, L.L., Experimental 

Measurements of the Thermal Conductivity of Ash Deposits: Part 1. 

Measurement Technique. 2000, Sandia National Laboratories: 
Albuquerque, NM. p. 1-26. 

 
16. Rezaei, H.R., Gupta, R.P., Bryant, G.W., Hart, J.T., Liu, G.S., Bailey, 

C.W., Wall, T.F., Miyamae, S., Makino, K., and Endo, Y., Thermal 

Conductivity of Coal Ash and Slags and Models Used. Fuel, 2000. 79: p. 
1697-1710. 

 
17. Modest, M.F., Radiative Heat Transfer, 2nd ed., Academic Press, (2003). 

 
18. Markham, J. R., Solomon, P. R., and Best, P. E., “An FT-IR Based 

Instrument for Measuring Spectral Emittance of Material at High 
Temperature,” Review of Scientific Instruments, 61 (12), pp. 3700-8 
(1990). 

 
19. Shaw, D. W. and Smouse, S. M., “An Instrument for In Situ Temperature 

and Emissivity Measurements (INSITE) on Boiler Ash Deposits,” The 

Impact of Ash on Coal Fired Plants, Proceedings of the Engineering 
Foundation Conference, Williamson, J. and Wigley, F., eds., pp 539 – 551, 
Solihull, England, June 20 – 25, Taylor & Francis (1993). 

 
20. Incropera, F. P. and DeWitt, D. P., Fundamentals of Heat and Mass 

Transfer, 5th  ed, John Wiley and Sons, Inc. (2002). 
 

21. Moghaddam, S., Lawler, J., McCaffrey, C., and Kim, J., “Heat Flux-Based 
Emissivity Measurement,” AIP Conference Proceedings, 764 (1), pp. 32-
37 (2005). 

 



101 

22. Woskov, P. P., and Sundaram, S. K., “Thermal Return Reflection Method 

for Resolving Emissivity and Temperature in Radiometric 
Measurements,” Journal of Applied Physics, 92 (10), pp. 6302-10 (2002). 

 
23. DeWitt, D. P. and Nutter, G. D., Theory and Practice of Radiation 

Thermometry, John Wiley and Sons, Inc. (1988). 
 

24. Watson, K., “Two-Temperature Method for Measuring Emissivity,” 

Remote Sensing of Environment, 42, pp. 117-121 (1992). 
 

25. Svet, D. Y., “Determination of the Emissivity in the Course of Cooling 
and Heating Processes,” Doklady Physics, 45 (6), pp. 281-283 (2000). 

 
26. Wall, T. F., and Becker, H. B., “Total Absorptivities and Emissivities of 

Particulate Coal Ash from Spectral Band Emissivity Measurements,” 

Journal of Engineering for Gas Turbines and Power, 106, pp. 771-776 
(1984). 

 
27. Baxter, L. L., Richards, G. H., Ottesen, D. K., and Harb, J. N., “In Situ, 

Real-Time Characterization of Coal Ash Deposits Using Fourier 
Transform Infrared Emission Spectroscopy,” Energy and Fuels, 7, pp. 
755-760 (1993). 

 
28. Cundick, D. P., Characterization of the Thermal Transport through a 

Temporally Varying Ash Layer, Brigham Young University (2008). 
 
29. Giffiths, P. R., de Haseth, J. A., Fourier Transform Infrared Spectrometry, 

2nd ed., John Wiley and Sons, Inc., (2007). 
 

30. Wiebelt, J. A., Engineering Radiation Heat Transfer, Holt, Rinehart, and 
Winston, Inc. (1966). 

 
31. Energy Information Administration. 

<http://www.eia.doe.gov/glossary/glossary_b.htm> (2009). 
  



102 

 
  



103 

Appendix A. Supplementary Tables 

Table A-1. Fuel Analysis for the WY Corederro 

Coal: Proximate Analysis (% Mass Fraction),  

as Received

Fuel (maf)  Corederro  
   Untreated  

C  71.45  
H  6.02  
N  1.1  
S  0.17  
O  21.26  

Total  100  
Ash % (mf)  7.12  

Moist. % (ar)  13.64  
HV, MJ/kg (maf)  29.89 

SiO2  28.7  
Al2O3  15.5  
Fe2O3  10.2  
CaO  15.1  
MgO  3.6  
Na2O  1.5  
K2O  0.8  
TiO2  1.2  

MnO2  NA  
P2O5  1.2  

SrO  NA  

BaO  NA  
SO3  22  

Total  100  
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Table A-2. Analysis for the IL #6 Crown III Coal (% Mass Fraction): Standard Laboratories 

8451 River King Drive, Freeburg, IL 62243 

Date Sampled: 6/27/2007 

Lab # 2007-01454-001 

Proximate  
(As Received) 

Moisture 16 

  

Mineral 
Analysis 

SiO2 51.17 

Ash 8.52 Al203 17.33 

Volatile 35.16 Fe2O3 17.73 

Fixed Carbon 40.32 CaO 4.26 

BTU 10655 MgO 0.99 

Total Sulfur 3.33 Na2O 1.7 

Proximate 
(Dry) 

Ash 10.14 K2O 2.21 

Volatile 41.86 TiO2 0.83 

Fixed Carbon 48 MnO2 0.07 

BTU 12684 P2O5 0.25 

Total Sulfur 3.97 SrO 0.04 

  
MAF BTU 14115 BaO 0.04 

    SO3 4.4 

Ultimate  
(As Received) 

Moisture 16 Undetermined -1.38 

Carbon 57.95 Type of Ash Bituminous 

Hydrogen 4.27 Silica Value 68.68 

Nitrogen 1.08 T250 2421 

Chlorine   Base/Acid  0.39 

Sulfur 3.33 lb Ash /mm BTU   

Ash 8.52 lb SO2/mm BTU 6.25 

Oxygen (Diff.) 8.85 Fouling Index 0.66 

Ultimate (Dry) 

Carbon 68.99 Slagging Index 1.55 

Hydrogen 5.08 

  

    

Nitrogen 1.29     

Chlorine   

Reducing 
Fusion Temp. 

I.D.  1954 

Sulfur 3.97 H=W 2042 

Ash 10.14 H=1/2W 2143 

Oxygen (Diff.) 10.53 Fluid 2221 

  

Oxidizing 
Fusion Temp. 

I.D.  2256 

  

H=W 2379 

H=1/2W 2433 

Fluid 2579 

  

Browning T250 2337 

B&W T250 2421 

 


