by the emissivity of the particles and by the fraction of ignited particles, and therefore the shape can be
used to determine the particle temperature. As discussed above, the scale factor is the product of the
emissivity times the ignited fraction. Table 11.C-1 shows the average particle temperatures for different
runs. A scale factor was not determined since it appears all the particles are ignited.

In the region where there are absorbing gases (e.g., H,O and CQ,) the gas emission is partially
blocked by the particles, and vice versa. To deconvolute the gas and particle contributions in these
regions, we use the fact that the absorbances (=-log(transmission)) add linearly (Beer's Law).

A(total) = A(gas) + A(particles) (.c-1)
so that the fraction of the emission due to gases is
f, = 1 - A(particles)/A(total) (11.C-2)

The particle absorbance spectrum is assumed to be relatively structureless, so the first step is to
compute the absorbance from Fig. 11.C-9a as shown in Fig. 11.C-10a, and fit a smooth baseline to the
resuiting spectrum A(total) to obtain A(particles). Fig. 11.C-10b shows the fraction of absorbance due to
gases, f,. The total normalized emission is given by

Er = £'E, + (14, (11.C-3)

where E  is the gas emission and E; is the particle emission. Solving this for the gas emission (for which
the emissivity is unity) we find

E, = (Ey - (1-,)E)f, (11.C-4)

which is shown in Fig. 1.C-10c. From Fig. 11.C-10b and ¢, we show the regions where the water and CO,
emission occurs, and note that in the cross-hatched region the CO, is totally opaque, so that the emission
can be seen only from an unknown depth into the flame. Thus, as indicated by the emission curves of
Fig. N.C-10c, we can determine the gas temperatures for water and CO, by comparison with the black-
body curves. At high temperatures, CO is in equilibrium with CO,. Shown in Table I1.C-1 are the gas
temperatures computed in this manner, from a few wavelength regions.

Note that the gases are not all at one temperature. Since this is a line of sight measurement, the
instrument is seeing a distribution of gas temperature; cold gases near the reactor walls and hot gases
in the center of the combustion zone. These different temperature gases have specific regions in the
infrared where their effect is maximized since different populations of rotational states are produced. Thus,
water at 3150 cm™ and CO/CO, near 2000 cm™ is representative of the hotter zones while water at 4100
cm™ and CO, at 2350 cm™ represent colder regions. A more exact mathematical deconvolution of
temperatures across a line of sight is given by Krakow (1966) and may be used in future measurements.

Gas temperatures were distributed over a 1500 K range and were up to around 1400 K hotter than
the particles which were between 1500 K to 1600 K for all the runs. Given the noise level in the data,

particle temperatures appear to be accurate to 25°C and gas temperatures (at specific wavelengths) to
50°C.

I.C.7. Submodel for Soot Radiative Properties

Under this subtask, work was done on developing a radiative model for soot as part of the soot
submodel and the results were sent to BYU. The inputs will be the volume fraction of soot and the
temperature. The output will be the average soot emissivity. The main difficulty will be to correct for the
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Table I.C-1. Summary of Experimental Results from Application of FT-IR Diagnostics to BYU Gasifier.

Run# Coal 09/Coal  Avg. Particle CO/CO gl'emperature (K) Ho0 Temperature (K)
Temperature (K) 2350 cm-1 2000 cm-1 2200 cm-1 4100 el 3150 cm -1 8700 cm*}

24 Alberta 1.06 1500 1300 2800 2100 1750 2700 1900
27 Alberta 92 1525 1350 2700 2150 1700 2700 1900
36 Utah — 1.65 1550 1400 2950 2000 1800 2850 1950
37 Utah 117 1525 1400 2700 2050 1750 2800 1850
38 Utah .96 1575 1400 2900 1950 1650 2600 1800
39 Utah .50 1550 1400 2550 1900 1500 2300 1850
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presence of CO, and H,0. This work is being done jointly with BYU since the radiation mode!l is an
integral part of PCGC-2. A literature correlation is being used (Kent and Honnery) to make predictions
of the average soot emissivity. Correlations from Hottel and Sarofim (1967) are being used to correct for
the contributions of water and CO,. Based on comparisons to an actual measured soot, water and CO,
spectra, it appears that these corrections are accurate to within 5%.

A primary concern was to correct for the effect of the water and CO, bands. It turns out that these
bands are sufficiently close to the location of the average wavelength of the soot radiation that the soot ¥
acts like a grey body.

The work on the soot radiative properties submodel was completed and these changes have
already been implemented into PCGC-2. This includes a correction factor due to the overlap of the soot
continuum with spectral lines for H,0 and CO,.

In previous work, equations ll.C-5a and 5b were developed to describe the soot radiative
properties as a function of temperature. However, these equations did not have a correction factor due
to the overlap of the soot continuum with H,O and CO, lines. The equations were of extinction
coefficients, as follows:

Koo om = 19 X108 X £, X T, (m™1) (11.C-53)

Koot ans = (1.9 X103 X £, X T, (m™1) (11.C-5b)

where f, is the volume fraction, and T, T, are the appropriate temperatures, in Kelvin, for emission and
absorption, respectively. The correction terms for the overlap of soot and vapor radiation features are
described below.

Hottel and Sarofim (1967) describe a correction due to such overlap, se, (their Eq. 6-58) as

Ae = ; g-[1-=x(1-¢) (I.C-8)

With a three component model for flame radiation (soot, H,0, and CO,), and with the correction
due to the overlap of CO, and H,0 lines already included in PCGC-2, the additional correction simplifies
to two pairwise corrections, for soot-CO, and soot-H,0, respectively.

In that case, Eq. 11.C-6 simplifies to

Aejorcoe = €conr X €pp2 {(1.C-7)

and

Begpr o = Cgonr X €120 (1.C-B)

However, Eg. 11.C-6 only applies if all but one of the species is a grey-body radiator; not the case
for soot. In this section, the proper calculation for the correction term is described, and it is shown that
Egs. 11.C-7 and 1I.C-8 calculate the correction to within 4% for all temperatures and concentrations of
interest.

The optical constants of soot from Habib and Vervisch (1988) were used them to calculate the soot
absorption constant, kK




36x xn, K, v

. “ T E-KE+2F+4ngk? e
. and the emissivity, € for eight values of f, between 5 X 10 ® and 5 X 10™.
esN=1-e[-k xf) (i1.C-10)
For each f,, "average" (as opposed to ';spectral") quantities were calculated.
. (F) - Lo R4, (I.C-11)

[ RE, o

where R"v is the Planck function. These €'s were calculated for temperatures of 1500 K, 1800 K and 2100
K.

From measured absorbance spectra of water, A,, and seven values of water concentration, X,,
the emissivity of water vapor was calculated.

eus-w = 1 - 8Xp [ K f, + A, X (1.C-12)

a4

and hence average emissivity
€0 = [ ew R 4
[R* 4,

(11.C-13)

In similar fashion ¢, .o, and eq, for carbon dioxide were calculated. Finally, the emissivities, ¢,
and €, ¢, for soot-water and soot-CO,, respectively, were calculated.

For soot-water:

€pow =1 -eXp[- K f, + A, X,] (1.C-14)
Coran = [evsw R% 4 (1.C-15)
' /R4,
A€y = €usw = €soor = Ewaten (I.C-16)
- . The correction, and this correction was compared with the prediction of Eq. 11.C-4 by taking the
ratio
Aeg | B €gopppizo = Begy | €cor X €goot (I1.C-17)

A similar calculation was done for soot-H,O.
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The ratios are plotted as "spectra” with the x-value representing different combinations of f,, X (or
€.con €cop) N Figs. 11.C-11 and 11.C-12 For one value of X, f, is changed over its range, giving rise to
the down sloping line at the left of Fig. .C-11. Then a new value of X, is chosen, and the cycle of f,
repeated for this value, and so on for the seven values of Xyp,. The results show that the simple
correction of Egs. 1.C-7 and I1.C-8 is correct to within 5%, and that is the correction which we recommend.
it turns out that the water and CO, bands are sufficiently close to the location of the average wavelength
of the soot radiation that the soot acts like a grey-body.

11.C.8. Submodels for {gnition and Soot Formation

Under this subtask, models for ignition and soot formation were developed. An outline of the
proposed particle ignition submode! is shown in Fig. 11.C-13. The essential ingredients of the ignition
model are already in PCGC-2. What is needed is to refine the assumptions regarding the fraction of CO,
formed at the surface, as opposed to the gas phase, and the amount of energy feedback to the particle
from the oxidation reaction of CO. These are related questions. The resulis of changing these

assumptions on the PCGC-2 predictions of the laminar coal flame experiments are discussed in Brewster
et al. (1993).

An autline of the proposed soot submadel is shown in Fig. 11.C-14. The current soot formation
model includes a calculation of the equilibrium amount of condensed carbon. This does & good job of
predicting the location of the soot maximum but not the magnitude or the burnout. What is needed is an
improved kinetic model for soot formation and destruction. This will require additional work.

These issues are also discussed under Subtask 3.a.
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I.LD. SUBTASK 2.d. - ASH PHYSICS AND CHEMISTRY SUBMODEL

Senior tnvestigators - Michael A. Serio, Peter R. Solomon, and Marek A. Wajtowicz
Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-9806

Obijectives

The overall objective of this subtask was to determine and describe the ash physics and chemistry
during coal conversion processes. Mineral matter in coal is a source of slagging and deposits on reactor
or downstream component walls, causing corrosion of equipment. Minerals can also catalyze reactions
or poison process catalysts. To accomplish the overall objective, the following specific objectives were
formulated: 1) to develop an understanding of the mineral matter phase transformations during ashing and
slagging in coal conversion. This information will be used for the eventual development of a predictive
model of ash behavior based on the original mineral matter composition, particle size, and physical
properties as well as the process conditions. it was determined based on the laboratory experiments and
literature review that the completion of such a model would require more resources than were available
in this study and may duplicate ongoing DOE sponsored work. Consequently, the original objective was
scaled back to include only the identification of the key mineral transformation processes that need to be
modeled in advanced coal conversion systems. 2) to investigate the catalytic effect of mineral matter on
coal conversion processes and develop a model to include this effect on char reactivity.

Summary of Accomﬁlishments

Under this subtask, work was performed in four areas:

laboratory studies of mineral matter transformations

laboratory studies of catalytic effects of minerals on char reactivity
modeling of mineral effects on char reactivity

literature reviews of mineral matter fransformations

The modeling of mineral effects on char reactivity was integrated into the overall char reactivity model and
is reported in Section 11.A.10.

I.D.1. Laboratory Studies of Mineral Matter Transformations

Elemental Analysis of Coals by SEM/Dispersive Energy X-Ray

The elemental composition of the minerals in the ampoule coal samples was characterized by a
Scanning Electron Microscope (SEM) with dispersive energy x-ray analysis. The samples were received
in glass ampoules under an inert gas blanket and analyzed on an as received basis without further
treatments. The particle size of coal samples are -100 mesh for 5 gm ampoules and -20 mesh for 10 gm
ampoules. All the raw coals, except for the Wyodak samples, were received in the -100 mesh size. All
the samples were reground into very fine particles using a ball-mill for 20 minutes and then pressed into
a flat peliet containing about 300 mg of coal. This was done to ensure a representative sample was
obtained. The samples were coated with graphite to prevent charging and then the resulting pellet was
mounted in the SEM. The analysis of the elemental composition was based on the measurement of the
x-ray intensities of the major elements (Fe, S, Ca, Ti, Mg, Na, SI, and Si) from 121 subsamples, where
a subsample is defined as a surface portion of the sample surface (typically 20 to 200 microns square).
The electron beam was scanned from one subsample to another, and the x-ray intensities for all elements
of interest were recorded. The data acquisition process was completely automated and takes about 10
minutes.

227



In order to compare the obtained elemental analysis of coal mineral impurities with the ASTM high
temperature ashing sample measurements, the elemental compositions of the coals were recalculated and
converted into the oxide form (MgO, Na,0, ALO,, Si0,, K,0, Ca0, TiO,, and Fe,0,). The amount of SO,
was calculated in the ash as that portion of total sulfur could react with CaO to form CaS0O,. Therefore,
the total number of moles of SO, present in the ash could not exceed the total number of moles of CaO
presented in the coal. The excess amount of sulfur analyzed in raw coal was assumed to be released into
the gas product stream during the coal conversion process. The iron content in the elemental composition
are included only as iron in oxide form. The total iron contents were recalculated to include the iron
existing in the pyrite form, based on the relative stoichiometry ratio.

The results of the mineral impurities analysis and other characteristics of raw coals are shown in
Tables 11.D.1-1 to 11.D.1-3. Table i1.D.1-1 shows the ultimate, proximate, and sulfur analyses of all raw
coal samples. Most of these data were provided by Argonne, except the sulfur content and form which
was analyzed at AFR. Argonne's data are also listed for comparison. The agreement is good in most
cases. Table 11.D.1-2 shows the resuits of mineral elemsntal composition analyses by SEM/dispersive
energy x-ray analyses of nine raw coals. Table 11.D.1-3 shows the results similar to those in Table 11.D.1-2
but expressed in the oxide form in the ash. A comparison with the results of HTA samples znalyses
provided by Argonne is also presented, and the fwo mathods show reasonable agreement.

When comparing the ash composition data obtzined from AFR with Argonne's data, good
agreement is found for the total ash content. For example, our data for the ash content of Upper Fresport
bituminous and Wyodak subbituminous coals were 12.46 and 8.9 wt%, respectively, as compared with
13.03 and 8.83 wt% obtained from Argonne for these two coals. However, some discrepancies were
observed for the sulfur and iron content. This may be due to our assumption that the CaO will react
stoichiometrically to form SO,. In the real ashing procedure, this may not be the case.

To collect ash samples under coal conversion conditions, two sample collection probes were
constructed. They were inserted into the transparent wall rezctor (TWR) to allow for the collection of char
with its transforming mineral matter from the flame at various stages of burnoff. Mineral matter associated
with the char as well as fly ash from above the flame were also collected. Both probes result in no visual
disruption of the stability, size, or ignition delay time of the flames. Sample collections were performed
using these probes from Zap fignite and Montana Rosebud coal flame experiments. SEl/dispersive x-ray
analysis was performed on individual ash spheres that were recovered from the preseparator and the gight
stages of the cascade impactor for an “in-stack” ash collection from 200 x 325 mesh Zap lignite.

The fly ash collector (in stack) consists of an inlet nozzle, large particle preseparator, cascade
impactor and adjustable air pump. The char collector (in flame) consists of a water cooled nozzle that
adds cold helium to the hot particle stream. After quenching, the particle stream passes through & large
particle cyclone separator, and then through the preseparator and cascade impactor. A schematic of the
system, as installed in the transparent wall reactor (TWR), is shown in Fig. [L.D.1-1.

The char collector nozzle inlet temperature was maintained below 300°C by the He addition. The

fly ash collector nozzle was placed in the flame exhaust stack having a typical radial temperature profile
as presented in Fig. 11.D.1-2.

Table 11.D.1-4 and Fig. 11.D.1-3 show collection and separation data for 2 Rosebud subbituminous
coal and a Zap lignite under similar collection conditions. TGA vseight loss measurements on the in-flame
collected samples indicate that both cyclone fractions have a large amount of combustible material
remaining (~ 60%). SEM photomicrographs (Figs. 11.D.1-4 and 11.D.1-5) show that both materials contain
etched particles of the same size range as the starting materials, with some particles having discrete
globules of ash stuck to the particle surface and others with a more uniform coating (possibly smaller
globules) of ash as indicated by the bright (charging) areas. The Zap cyclone fraction appears to contain
more particles with ash globules on particle surfaces, and more ash that has apparently been released
from the char. This is also indicated in the size separation data presented in Fig. 1.D.1-3. For the Zap
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Table IL.D.1-1. Properties of Coals to be used in Mineral Transformation Testing.

Upper Wyodalkk Ilinois

Pittsburgh  Pocohontas UtahBlind Upper

North Dakota Montana

JFreeport == | No6  Nos . Nod Canyon  Knawha Zap Rosebud
Proximate Analysi % bituminous subbituminous bitumincus bituminous biturninous bituminous  bituminous lignite subbituminous
Moisture 0.83 28.84 2.94 1.80 0.61 4.7 2.60 32,84 -
Volatile Matter 21.56 33.95 30.92 - - - _—
Fixed Carbon 5856 3084 42.72
Ash _ 13.05 6.37 23420162yt 9.27 4.87 468 19.8%+ 6.53** ——
Ultimate Analysi
. wi%amaf,
C 87 74 M 83 91 79 8L 73 72.1
H 5.5 51 5.7 5.8 4.7 6.0 5.5 5.3 4.9
g** 2.8 0.5 5.4 1.6 0.9 0.5 0.6 0.8 1.2 ‘
N 14 1.3 1.2 1.5 0.9 1.3 1.0 0.5 1.2 |
0 4 19 10 8 3 13 11 21 20.3 \
: \
Forms of A |
Inorganic 0.65(1.96) 0.29(0.14) 2.58(2.72) 1.38(1.38) 0.06(0.18) 0.14(--) 0.25(--) 0.27(--) 1.60(--) }
Organic 0.71(0.49) 0.45(0.42) 1.90(2.08) 0.70(0.81) 0.50(0.42) 0.24(--) 0.48(--) 0.45(--) 0.47(--) ‘
Total: 1.36(2.46) 0.74(0.56) 4.48(5.03) 2.08(2.14) 0.56(0.60) 0.38(--) 0.73(--) 0.72(--) 2.07(--) |
Notes:

** Moisture free basis

¥ Analyzed by SEM/dispersive energy x-ray technique of raw coals on a dry basis,
+ Values in parenthesis represent Argonne's data on a dry basis. .

++Value from a second laboratory




Table I1.D.1-2. Mineral Distribution, Elemental Composition.

Metal Upper Wyodak IMlinois Pitisburgh Pocahontas UtahBlind Upper NorthDakota Montana

Ash 1249

- 9.02

Freeport No.6 No8 No.J Canyon Knawha  Lignite Rosebud

Na 0.03 0.11 0.12 0.02 0.07 0.08 0.11 0.36 0.02
Mg 0.22 0.37 0.16 0.13 011 0.11 0.33 0.54 0.35
Al 1.67 0.73 1.35 0.94 0.57 0.3 3.57 0.49 1.08
Si 2.92 1.12 2.88 1.72 0.69 0.49 547 0.82 0.49
K 0.24 0.02 0.16 0.07 0.02 0.03 0.42 0.03 0.03
Ca 0.19 1.3 0.71 0.16 0.26 0.28 0.08 1.56 1.17
Ti 011 - 0.09 0.07 0.01 0.05 0.01 0.26 0.05 0.07
S(e) 071 0.45 1.9 0.7 0.5 0.24 0.48 0.45 0.47
S(m) 0.65 0.22 2.58 1.38 0.06 0.14 0.25 0.27 1.6

Fe 047 0.29 0.6 0.3 0.28 0.14 0.47 0.4 032
16.14 8.51 4.4 3.41 21.48 9.6 12.33
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Table ILD.1-3. Mineral Distribution in Raw Coal Ash (oxide form).

Metal Upper Argonne's Wyodak, Argonne's Ilinois

Pitisburgh  Pocohontas UtahBlind Upper

North Dakota Montana

Freeport Data Data No.6 No.8 No.3 Canyon Enawha  Lignite Rosebud
Na,0 0.32 044 167 215 1.01 0.32 2.19 3.28 0.69 5.35 0.22
MgO 293 107 690 611 1.66 2.53 4.24 5.54 2.55 9.86 4.67
ALO, 2533 2397 1550 17.26 15.98 20.88 25.05 17.28 31.48  10.20 16.43
Si0, 5016 4282 2693 3291  38.60  43.27 34.34  -31.87 54.63  19.33 25.68
K,0 2.71 246 032  0.33 1.41 1.16 0.66 1.29 2.76 0.47 0.34
Ca0 213 460 2044 21.81 6.22 2.63 8.46 11.91 052  24.04 13.18
TiO,, 1.47 1.02  1.69 1.29 0.73 0.20 1.94 0.51 2.02 0.92 0.94
SO3 8.04 132 ' 1882 10.69 8.88 3.75 12.07 16.99 0.75  19.83 18.81
Fe, 0, 11.89 2135 7.74 677 2550  25.25 11.05 11.38 459  10.00 19.73
Total: 100.00 99.05 100.00 99.32 10000  100.00 100.00 100.00 100.00 100.00 100.00
Ash 1246 13.03 89 883 1597 8.51 4.30 3.29 2143  9.08 12.42
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Table ILD.1-4. Sample Collection Data for Zap and Rosebud Flames.

Percent Weight Loss in TGA*

Run # Sample % Ash Collection Point Collection Time Wt.of Sample  Cyclone Fraction  Preseparator Fraction
Minutes Collecied (mg)

1 200 x 325 Dry 12.7 7 em above Ignition 2 356.0 62.24 --=
Rosebud Point (in flame)

4 200 x 325 Dry 1.3 7 cm above Ignition 3 158.8 50.49 ==
Zap Point (in flame) .

2 200 % 325 Dry 127  In Stack 10 81.5 6.10
Rosebud 75 cm above Injector

10 200 x 325 Dry 7.3 In Stack 20 221 . 3.43
Zap 75 ecm above Injector

* TGA analysis in air at 30K/min to 900°C
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Figure IL.D.1-4. SEM Microphotograph of Cyclone Fraction of
In Flame Collection for Rosebud Coal. Magnification: X400.
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lignite sample, there is more material collected downstream of the large particle separators than for the
Rosebud. Figure 11.D.1-8 compares two stages of in-stack collection for the Zap, and clearly shows the

individual and spheres. Thesa photomicrographs also indicate the particle sizing ability of the cascade
impactor.

To verify a difference in the ability of the starting material to "shed® ash, samples of Zap and
Rosebud pyrolysis chars were quantitatively combusted in the entrained flow reactor to various levels of
burnoff. The partially combusted material was collected in a cyclone separator that would clean the char
of the smaller released ash and any fragmented particles. TGA weight loss analysis was then parformed
on the combustion char to indicate the fraction of ash presant in the particles, and from this, the percent
ash retained from the starting material can be calculated by

percent combustion sample x percent ash in combustion samplz
percent ash retained =

percent ash in starting material

Table 11.D.1-5 presents the percent ash retained values for several levels of combustion. The data
appear to indicate two points: 1) the samples shed to a relatively constant ash level early in the
combustion process, and 2) the Zap initially sheds more of its ash than the Rosesbud.

To study the mineral matter to fly ash transformation, a comparison was made by SEWV/disgersive
x-ray analysis of the solidified ash spheres on the Zap char's surface with particles collected in the
preseparator above the flame in the TWR. The ash spheres on the chars surface are rich in Ca,
moderately rich in Al, and Si and have varying amounts of Fe, K and Mg. Representative gualitative
analyses for these particles are presented in Table 11.D.1-6. 1t appears that the coal's organically bound
calcium accumulates in the form of molten liquids, along with the fine clay and pyrite particles.

Figure 11.D.1-7a shows a photomicrograph of particles collected above the flame. Same of these
particles have melted to form spheres and some have not. Qualitative analyses of the numberad particles
are presented in Table I.D.1-7. In the figure, samples 1 and 2, which appear to have meltzd and
crystallized, are almost pure iron oxide. Figure 11.D.1-7b shows a close-up of the highly crystallized
surface structure for these kinds of particles. Sample 3, which has not melted, is almost pure calcite.
Sample 4 shows a region which has not melted and which is almost pure quartz, (like sample 5), and &
part which has melted and which is a mixture of elements. Particles 1-5 appear to have bzen denved from
individual extraneous mineral grains (pyrite, calcite, and quartz) without significant contamination by other
mineral components. Small spheres (6 and 7, and those captured on the stages of the cascade impactor)

as well as larger spheres (8 and 9) are mixtures of Si, Al, Ca, Fe, K, and Mg, like the particles attached
to the chars surface captured in the flame.

Also of interest is that many of the pure mineral particles are of the same size (some larger) than

the starting coal particles. Differences in color, magnetic attraction, and density (hollow vs solid) have also
been observed.

SEM/dispersive x-ray analysis was also performead on individual ash spheres that were recovered
from the eight stages of the cascade impactor for an “in-stack” ash collection from 200 x 325 mesh Zap
lignite. The small spheres (< 10 gm in diameter) apparently are shed from the coal particles during the
combustion process and contain inorganic components that are intrinsic to the coal.

Ash collection experiments were also performed in the entrained flow reactor (EFR), a schematic
of which is shown in Fig. I1.D.1-8. This system allows the use of smaller quantities of coal and provides
for more complete collection of the ash. Experiments were done at different residence times to achisve
a range of char burnouts. The products were collected in a cyclone/cascade impactor system for analysis
by TGA for char burnout, SEM/x-ray for mineral analysis, and Quantimet for particle size distribution.
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Table ILD.1-5. Percent Ash Retained in Partially Combusted Samples.

Sample % Sample Recovered after % Ash Retained
Partial Combustion
Zap* 39.0 44.7
27.0 37.2
165 ' 40.0
7.6 35.0
Rosebud** 66.7 66.1
28.0 71.0
22.3 75.4
211 67.1

*  900°C Zap Char
** 1500°C Rosebud Char




Mineral
Component

Al

Si
Fe
Mg
Ca
Ti
Na
K

Sui fur
(0)

Sulfur
(M)

% in FeSX

Total Ash

Table IL.D.1-6.

REPRESENTATIVE QUALITATIVE* X-RAY ANALYSIS FOR ASH SPHERES ON CHAR
PARTICLE SURFACES AS SHOWN IN FIG. II.D-5

Values are in weight percent

A B C D E
4,89 0.93 0.69 1.21 1.37
6.10 0.85 5.05 0.56 1.78
0.65 3.47 0.73 0 0
2.70 1.45 1.21 1.53 1.53
5.86 11.71 3.31 2.22 2.66
0.52 0.08 0.04 0.04 0

- 0 0 0 0.65
0 0 0.04 0.04 0.04
0.16 0.12 1.05 0.08 0.56

0 0 0 2.14 1.53

0 0 0 2 2
35.86 25.73 19.06 11.87 16.44

* Not matrix-corrected for coefficient of x-ray absorption for each component.
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Table I1.D.1-7.
QUALITATIVE® X-RAY ANALYSIS OF ASH PARTICLES PRESENTED IN FIG. 11.D-7

values are in weight percent

e

Mineral T 2 3 4 4 (not 5 6 7 8 9
Component {melted) melted)

Al 0.23 0.19 n.36 12,18 - 2.52 2,20 9,78 0.84 9.13 9,55
Si 1.21 0.79 0.66 38.28 33.96 65.44 29.82 1,50 29.81 32,07
Fe 86.05 90.16 0.30 1.38 0.54 0.15 0.84 0.72 0.41 0.38
Mg 0.56 0.47 1.08 1.80 1.14 0.78 1.86 2.1 1.02 0.80
Ca 275 - 0,37 78.54 0.66 - 0.10 1.68 3.66 0.38 0.41
Ti 0 0 0.18 0.18 0.06 0 0.06 0.06 0.19 0.03
Na 0 ' 0 0 2.04 0 0 .14 0 1.18 2.70
K 0 0.09 0 7.14 0.90 0 0.84 0 6.81 5.15
Sulfur (0) 0 0 0 0.06 0 0.05 0.06 0 i} 0
Sulfur (M) 0 0 0.60 0 0 0 0 0 0 0
X in FeSy ' 0 0 2 0 0 0 0 0 0 0
Total Ash - 129.69 131.41 113.46 " 125.22 79.98 145,48 101.10 12,36 95,55 102,60

*  Not matrix-co;‘rected for coefficient of x-ray absorption for each component.




Figure ILD.1-6. SEM Photomicrographs of Fly Ash Collected Above a Zap

Lignite Flame. a) Stage #2 and b) Stage #4 of Cascade Impactor.
Magnification: X910.




SEM Micro Photograph of Fly Ash Collected Above a Zap

a) X400 and b) Close-Up of Sample
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A series of ash collection experiments was done in the entrained flow reactor. Five of the eight
coals have been run over a series of burnouts ranging from 25 to 100% (see Table 11.D.1-8). The results
for ash collection are shown in Figs. 11.D.1-9 to 1.D.1-13. It is apparent that most of the ash is collected
in the cyclone rather than the cascade impactor.

Elemental ash recoveries for the Upper Kanawha are shown in Figs. 1.D.1-14 to i.D.1-17. These
figures indicate that sodium is essentially completely lost, while magnesium is retained only until between
30% and 50% burnout. The unexpectedly high magnesium value for the 30% burnout case is consistent
with the range of magnesium contents determined (up to 0.08%). Sulfur is progressively lost as burnout
increases. The remaining elements appear to be well recovered (fitanium is also consistent with the
observed range of up to 0.44%).

In most cases, the extractor material and the cyclone collection appear to have similar
compositions, with the cyclone collection possibly somewhat enriched in silicon and iron as compared to
the extractor material.

In order to gain a better understanding of the mineral matter distributions, work was performed on
density separations of the original feedstocks. Resuits for the Upper Kanawha are shown in Figs. 11.D.1-18
and 11.D.1-19. The resuits indicate that the sink fraction is enriched in silicon and iron, while the remaining
elements are fairly uniformly distributed between the float and sink fractions.

I.D.2 Effects of Minerals on Char Reactivity

The reactivity of chars prepared from both raw and demineralized coals was measured. The chars
were prepared by heating in N, at 30°C/min until 900°C was achieved. The char reactivity measurements
were made by employing a non-isothermal technique using a TGA. With an air flow of 40 cc/min and a
N, purge flow of 40 cc/min, the samples were heated at a rate of 30°C/min until 900°C was reached. The
resulting critical temperatures (defined as the temperature at which the derivative of the weight loss
reaches 0.11 weight fraction/min) are plotted in Fig. 11.D.2-1 as a function of oxygen in the parent coal.

The trend for the raw samples is an increase in reactivity (decreasing T,) with increasing coal
oxygen content, while the slope for the demineralized samples seems to flatten out at approximately
520°C. Above 10% oxygen, the mineral content of the coal dominates the char reactivity, increasing the
char's reactivity (lower T.) compared to the demineralized samples. The reason for this increase appears
to be the catalytic activity of the organically bound alkali metals, particularly the Ca, since Ca is naturally
abundant in coals. Below 10% oxygen content, the raw coals have a lower reactivity (higher T,) than the
demineralized samples. The reason for this is oxidation due to the demineralization process.

In order to ascertain why there is a systematic increase in reactivity with coal oxygen content when
reactivity is thought to depend on calcium content, the calcium concentration of coals from the Exxon
sample bank were plotted as a function of oxygen concentrations in Fig. 11.D.2-2. Above 8% oxygen,
there is a systematic increase in Ca with increasing oxygen.

Eight percent is the level at which carboxyl groups appear in coal (Blom, et al., 1857). This
suggests that, above 8% oxygen content, there is a systematic increase in the amount of calcium ion-
exchanged on the carboxyl groups and it is this calcium component which acts as a catalyst.

In order to further understand the roles played by the ion-exchangeable cations in char reactivity,
a 200 x 325 mesh sieved fraction of Zap Indian Head, demineralized according to the standard Bishop and
Ward (1958) technique, was subjected to ion-exchange with Ca, Mg, K, and Na using a modification of
the procedure by Hengel and Walker (1984). The amount ion-exchanged onto the demineralized Zap
lignite was controlled by using different molar solutions of the acetate salt. In the case of Ca, 1.5 M; 1.0
M; 0.5 M; 0.3 M; 0.1 M; and 0.05 M acetate salt solutions were employed. In the case of Mg, 1.5 M; and
0.05 M acetate salt solutions were employed. In the case of K, 1.5 M; 0.3 M; 0.1 M; and 0.04 M acetate
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Table ILD.1-8. Actual Burnouts For Runs Completed

Bum ......... t D i S ——————
w20, 50% S €5 SR LU LI
Pocahontas #3 (PC) 22 (43) (70) (100)
Upper Freeport (UF) 22 (48) (30) 100
Pittsburgh #8 (PT) 15 61 (75) (100)
Upper Kanawha (UK) 30 50 37 100

( ) Without Extractor Washings
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Figure ILD.1-9. Ash Recovery from Experiments over a Range of
Burn-outs for Pocahontas Coal.
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Figure I1.D.1-10. Ash Collection from Experiments over 2 Range of

Burn-outs for Upper Freeport Coal.
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Figure ILD.1-11. Ash Collection from Experiments over a Range of
Burn-outs for Pittsburgh No. 8 Coal.
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Figure IL.D.1-12. Ash Collection from Experiments over a Range of
Burn-outs for Upper Kanawha Coal.
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Figure IL.D.1-13. Ash Collection from Experiments over a Range of
Burn-outs for Montana Rosebud Coal.
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Figure I1.D.1-16. Elemental Recoveriés for Experiments over a Range of
Burn-outs for Upper Kanawha Coal.
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Figure ILD.1-17. Elemental Analysis of Upper Kanawha

Density Separation (1.65 SG).
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Figure I1.D.1-18. Elemental Analysis of Upper Kanawha
Density Separation (1.65 SG).
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Figure IL.D.1-19. Elemental Analysis of Upper Kanawha
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salt solutions were employed, and in the case of Na, 1.5 M; 0.3 M; 0.1 i%; and 0.05 M acetate salt
solutions were used. Slurries of 5 grams of demineralized Zap and 125 m! of the desired loading solution
were stirred at 57°C for 5% hours. The solution was allowed to cool at rcom temperature and stiriing was
continued for an additional 22% hours. The slurry was filtered, washed with d=ionized water and dried at
105°C in a vacuum oven for approximately two hours. The amount of cation exchanged was determined
by x-ray analysis.

Chars were prepared from the cation loaded coals by heating in N, at 30°C/min to 800°C and
these were subjected to the non-isothermal reactivity test in air. The char from demineralized Zap coal
is far less reactive (higher T_) than the raw Zap char. As previously discussad, this is probably due to the
removal of the organically bound alkali metals which are thought to dominate char reactivity in coals

possessing more than 10% oxygen. If this is true, then cation loading should result in the resortation of
char reactivity.

Plotted in Fig. {1.D.2-3 is the variation of reactivity with the cation loadings. The Ca and Mg
loadings effectively restored the reactivity of the demineralized Zap. In the case of Ca, the only significant
change in reactivity occurs when the Ca level increase from the 0.01 wt% in the raw demineralized Zap
to 1.65 wi% in the 00.5 M loading. Further increase in Ca does not cause any marked increases in
reactivity. The low Na and K loadings were so effective in promoting the demingralized Zap char reactivity
that the loaded samples yielded values of T, that were 45°C and 30°C, respactlively, less than the T, of
the raw Zap char itself. With high loadings, however, both Na and K lost tiheir ability to increase char
reactivity (lower the T_) and actually demonstrated hindering effects. The 1.5 I Na and K loadings gave
values of T, which were higher by 122°C and 85°C, respectively, then the demineralized Zap sample.
Surface area measurements on the raw and cation-loaded samples were donz in these cases. However,
significant differences were not observed between the raw and cation-loaded coals in either czse.

Consequently, the hindering effect must manifest itself either during the char formation process or the
gasification process.

CO, char reactivity measurements were done on chars produced from raw, demineralized and
loaded demineralized Zap samples by heating in N, at 30°C/min until 1000°C was achieved. The CO,
reactivity followed similar trends as the air reaclivities as shown in Fig. 1.D.2-4,

A model was developed to predict the intrinsic reactivity (T} of char based on calcium content for

coals greater than 10% oxygen, while holding the extent of pyrolysis and heating rate constant. For a
standard test:

T, = 520 + « (Ca wit% - (B » carbonate)) (1.D-1)

where, 520 represents the approximate T, for demineralized coals, « is the slope from the plot of T, vs

Ca wt% in Fig. 11.D.2-3a, g is a constant and the carbonate value is that obtainzd from quantitative FT-IR
analysis.

Figure i1.D.2-5a displays the correlation between actual T, and predicted T, with = 0. Since it
is the organically bound Ca which is thought to be catalytically active, a much better correlation is obtained
when calcite corrections are included in the model (Fig. 11.D.2-5b).

In order to better understand why the organically bound Ca offers catalytic activity and calcite does
not, SEM Ca dot maps were done for a calcium loaded demineralized. Zap coal and an Exxon sample
which, from FT-IR analysis, was known to be abundant in calcite. The maps in Fig. I1.D.2-6 indizate that
the organically bound Ca is very well distributed throughout the Zap coal while the calcite in the Exxon coal
exists in large clusters. This is consistant with the fact that the Ca in the calcite form is not nearly as
effective as a catalyst when comparad to the ion-exchanged Ca.
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11.D.3. The Modeling of Mineral Matter Effects on Char Reactivi

The data from Section 11.D-2 were used to develop a model for the effects of ion-exchanged alkali
and alkaline earth metals on char reactivity. The model is discussed in Section 11.A.10 and is described
in Charpenay, et al., (1992).

11.D.4. Literature Review

To fully develop a mineral matter mode! for integration into PCGC-2, a number of effects must be
included. The inputs will be the starting mineral concentrations and size distributions while the outputs
will be the composition and size distribution of the fly ash. An outline of the proposed submodel for ash
chemistry and physics is shown in Fig. 11.D.4-1. Because of the complexity of this problem and the large
amount of DoE and NSF supported work being done elsewhere, the eventual submodel will primarily be
an integration of work done outside AFR. A brief summary of the most relevant studies appears below.

Although considerable progress has been made in understanding the underlying principles of ash
formation and deposition, these processes, predictive modeling of ash behavior in the combustor still re-
mains at the early stage of development. The ultimate objective is to provide a powerful tool for combustor
design by identifying the régimes in which the fouling of heat-transfer surfaces is minimal. Three research
groups have made important contributions to the study of coal-ash behavior during combustion: Energy
and Environmental Research Center (EERC), University of North Dakota, Grand Forks, ND; PSI Tech-
nology Company, Andover, MA; and Massachusetts Institute of Technology (MIT), Cambridge, MA. The
recent advances in characterization of mineral matter in coal as well as in the study of ash formation and
deposition will be reviewed below. Unless stated otherwise, the presented material is based on references
[Benson et al., 1993; Helble, 1992) and on the recent Short Course on Ash Formation and Deposition
during Coal Combustion which was sponsored by EERC and the U.S. Department of Energy (St. Louis,
MO, 10th May, 1993).

Review of Work Petrformed at EERC (and some other centers)

Precise, quantitative prediction of the fate of inorganic coal constituents during combustion is
currently impossible due to an enormous complexity of the process, and due to inadequate mineral-matter
characterization in the starting material. In general, the extent of ash-related problems depends upon the
quantity and association of inorganic constituents in coal, the combustion conditions, and the system
geometry. A detailed understanding of the critical phenomena is necessary to develop models that will
accurately predict ash deposition as a function of coal characteristics and combustion conditions. The
following key areas have been identified:

1. The chemical and physical characterization of inorganic matter in coal

2. The mechanisms of mineral-matter transformation into inorganic vapors, liquids and solids

3. The physical properties of the intermediate ash species as a function of temperature, atmosphere,
and residence time

4. The mechanisms of ash transport to heat-transfer surfaces as a function of particle size and flow
patterns in the combustor

5. The heat-transfer characteristics coupled with the reactivity and melting behavior of the deposited

ash material
6. The characteristics of the liquid components in the \deposit with respect to deposit growth and
strength development

7. The physical characteristics of the deposit that influence its ability to be removed by conventional
processes (e.g., by soot blowing).

Inorganic Constituents In Coals

Mineral matter can be present in coal in one of the three forms: (1) organically associated
elements; (2) included minerals; and (3) excluded minerals. This division is illustrated in Figure 11.D.4-2
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The fraction of inorganic components that are organically associated varies with coal rank. Lower-
rank coals (subbituminous and lignitic) have high levels of oxygen. Approximately 25% of the oxygen is
in the form of a carboxylic acid group. These groups act as bonding sites for cations such as sodium,
magnesium, calcium, potassium, strontium, and barium (other minor and trace elements may also be
associated in the coal in this form). In addition, some elements may be in the form of chelate coordination
complexes with pairs of adjacent organic oxygen functional groups. The cations originate from the plant
material from which the coal was formed and from groundwater filtering though the coal seam. In some
low-rank coals, the organically associated inorganic components can comprise up to 80% of the total
inorganic content of the coal (Benson and Holm, 1985). In higher-ranked coals, bituminous and anthracite,
the inorganic components consist mainly of minerals.

Mineral grains are usually the most abundant inorganic component in coals. The minerals
associated with coals are classified by coal geologists based on their origins as summarized by Stach et
al. (1982). The major mineral groups found in coals include silicates and oxides, carbonates, sulfides, sul-
fates, and phosphates. In order to predict the behavior of the inorganic constituents during combustion,
detailed information must be obtained on the abundance, size, and association of mineral grains in the
coal.

The methods used to determine the association of inorganic components in coals have evolved
significantly over the past 80 years. Ashing and gravity separation techniques are very common. These
methods have inherent limitations and do not provide quantitative information on the association and
abundance of inorganic components in coals. Recently, more advanced methods such as computer-
controlled scanning electron microscopy (CCSEM) and chemical fractionation are being used to more
quantitatively determine the abundance, size, and association of inorganic components in coals. Detailed
information from the CCSEM and chemical fractionation allows for more effective prediction of the behavior
of the inorganic components during combustion.

High-temperature ashing is a standard method that is routinely used to determine the quantity of
inorganic constituents present in coal. This technique involves oxidizing the coal at 1023 K (750°C)
followed by chemical analysis of the resultant ash. There are several limitations involved in this type of
analysis. First, significant transformations and reactions of the inorganic components occur during the
ashing process. The loss of mass due to water loss from clay minerals, carbon dioxide loss from
carbonates, and sulfur loss from pyrite can significantly influence the determination of the inorganic content
of coal. These species (H,0, CO, and SO,) are usually included as volatiles in the proximate analysis,
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leading fo erroneous results. In addition, the organically associated inorganic elements such as the alkali
and alkaline earth elements absorb oxygen and SO, during the ashing processes, further complicating the
determinations. Several investigators have developed empirical methods based on the composition of the
ash and losses due to decomposition of minerals to estimate the inorganic content of coals as summarized
by Given and Yarzab (1978).

Two other methods that have bean used to concentrate the inorganic components in coal include
gravity fractionation and low-temperature oxygen plasma ashing (LTA). Gravity separation only provides
a partial separation of the minerals from the coal matrix, since some of the minerals that are small and
included in the coal particles remain in the lighter fraction. In addition, the organically associates cations
remain in the lighter organic-rich fraction. Therefore, gravity fractionation of the minerals is only a
qualitative estimation of the minerals present in the coal. Low-temperature ashing is another technique
that has been used {o concentrate the inorganic species. This technique works quite well with higher-rank

coal, but requires very long ashing times with lower-ranked coals containing high levels of organically
associated cations.

ldentification of the specific mineral species in coals (as opposed to chzmical analysis) has baen
performed by several techniques. Jenkins and Walker (1978) provide a good summary of the tachniques
and applications prior to 1978. These include x-ray diffraction, infrared spectroscopy, differential thermal
analysis, scanning electron microscopy, microprobe analysis, and ¥Fe Mossbauer. Unfortunately, the -
ray diffraction and infrared spectroscopy methods require low-temperature ashing prior to analysis. The
technigue that shows the most promise for quantitative determination of the mineral portion of the inorganic
components in coal is scanning electron microscopy and microprobe (energy dispersive x-ray) analysis.

Over the past ten years, this technique has been used much more rigorously to determine the mineral
component in coal.

In order to determine the size, zbundance, and asscociation of mineral grains in both high- and low-
rank coals, computer-controlled scanning electron microscopy (CCSENM) and automated image analysis
(AlA) are the preferred techniques used to analyze polished cross sections of coal epoxy plugs (Zygarlick
and Steadman, 1980). The CCSEM technique is used to determine the size, shape, quantity, and semi-
quantitative composition of mineral grains in coals (Steadman et al., 1930 and Steadman et al,, 19%1).
The key components of the CCSEM system that make it possible to image, size, and analyze inorganic
particles are the backscatter electron detector, digital beam control, and the ultrathin window energy-
dispersive x-ray detector. Backscatter electron imaging is used for CCSEM pecause the intensity of the
backscattered electrons is a function of the average atomic number of the features on or near the surface.
Since the mineral particles appear brighter relative to the lower atomic numbsar background of the matrix,
a distinction can bz made between coal, mounting media, and mingral grains. In a typical CCSEM
analysis the electron beam is programmed fo scan over the field of view and locate the bright inclusions
that correspond to mineral species. On finding a bright inclusion, the besam psrforms eight diameter
measurements of the inclusion, finds th2 center of the inclusion, and collzcts and energy-dispearsive
spectrum (EDS) at the point for 2 seconds. Software classifies the mineral grains based on lhe EDS
elemental composition and size. The parameters used to identify the minerals are based on published
compositions of known minerals. A mineral association, such as aluminosilicate/gypsum, is a discrete
particle that contains at least two adjacent or intimately associated minerals. The EDS spectra will reveal
a combination of the proper elemental ratios for these asscciated minerals.

The differences in the chemical information provided by the ASTM varsus CCSEM methods are
illustrated in Figure 11.D.4-3. In contrast to CCSEM, the ASTM analysis provides only a single data point
which does not represent the true heteroganeity of the ash.

Quantification of the type and abundance of organically associated inorganic elements in lower-
ranked subbituminous and lignitic coals is currently performed by chemical fracticnation (Benson and Holm,
1985). Chemical fractionation is used to selectively exiract elements from the coal based on solubility,
which reflects their association in the coal. Briefly, the technique involves extracting the coal with water
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Figure IL.D.4-3. Chemical information in coal ash provided by various types
of chemical analysis: (2) ASTM ash analysis, and (b) CCSEM analysis of fly

ash.
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to remove water-soluble elements such as Na in sodium sulfate or those elemants that were most likely
associated with the groundwater in the coal. This is followed by extraction with 1M ammonium acetate to
remove elements such as Na, Ca, and Mg that may be bound as salts of organic acids. The residue of
the ammonium acetate extractions is then extracted with 1M HCI to remove acid-soluble species such as
Fe and Ca which may be in the form of hydroxides, oxides, carbonates, and organically coordinated
species. The components remaining in the residue after all three extractions are assumed to be
associated with the insoluble mineral species such as clays, quartz, and pyrite. A number of Argonne
Premium Coals have been analyzed by CCSEM and chemical fractionation, and the available data bass
is growing (Helbe et al., 1992 and Zygarlicke et al., 1990).

Formation Of Ash Intermediates

The inorganic coal components undergo complex chemical and physical transformations during combustion
to produce intermediate ash species (gases, liquids, and solids). The physical trensformation of inorganic
constituents depends on the inorganic composition of the coal and on combustion conditions. There exists
a wide range of combinations of mineral-mineral, mineral-coal, mineral-cation-coal, and mineral-mingral-
cation-coal associations in coal. These associations are unique o each coal sample and they include:
(1) coalescence of individual mineral grains within a char particle; (2) shedding of the ash particles from
the surface of the chars; (3) incomplete coalescence due to disintegration of the char; (4) convective
transport of ash from the char surface during devolatilization; (5) fragmentation of the inorganic mineral
particles; (6) formation of cenospheres; and (7) vaparization and subsequent condensation of the inorganic
components upon gas cooling. As a result of these interactions, the fly ash usually has a bimodal size
distribution, with maximum at particle sizes of ~0.1 gm and ~10 gm. The submicron component is largely
a result of the condensation of flame-volatilized inorganic components. The larger size particles have been
called the residual ash by some investigators (Sarofim et al., 1977) because these ash particles resemble,
to a limited degree, the original minerals in the coals.

The transformations of excluded minerals are dependent upon the physical characteristics of the
mineral. Excluded minerals such as quartz (SiO,) can be carried through the combustion system with its
angular structure still intact. Excluded clay minerals can fragment during dehydration, melt, and form
cenospheres. The behavior of excluded pyrite depends upon its morphology. Some of the pyrite may be
present as framboids. Framboidal pyrite fragments more easily than massive pyrite particles. In addition,
pyrite transforms to pyrrhotite and oxidizes to FeO, Fe,O, and Fe,0, during combustion. The
transformations of pyrite have been examined and modeled in detail by Srinivesachar et al. (1990). The
carbonate minerals will fragment during the loss of carbon dioxide. According to Raask (1985), some of
the carbonate minerals fragment and produce submicron-sized particles.

There are two extreme kinds of behavior that the inorganic constituents may exhioit during
combustion (Field et al., 1967): (1) Each mineral grain forms a single ash particle; (2) One ash particle
is formed per coal particle. Some of the differences in the fly ash size distribution exhibited for different
coals are probably due to the burning char characteristics of the chars. For example, some coal particles
swell and become hollow and porous during combustion. The degres of swalling depends on ¢oal composi-
tion or maceral distribution and the combustion conditions.

Depending upon the distribution of minerals and other inorganic components, coalescance may
occur to a larger or smaller extent. If the ash particles are similar in size to the original minerals in the
coal, coalescence is insignificant and one ash particle per mineral grain is formed. In contrast, co-
alescence of minerals into a large particle occurs when the receding carbon surface brings the ash
particles together. Thus, shrinking sphere represents the limiting case where one fiy ash particle s
produced per coal particle. In most cazes, the actual fly ash size falls between the fine limit of one ash
particle per mineral grain and the coarse limit of one ash particle per coal particle. In cases where
mineral fragmentation occurs, the fine limit on size may be exceeded. In addition, shedding or convective

transport of small ash particles originating from organic associations or submicron mineral drains can
contribute to fine particle formation.
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Vaporization and condensation of inorganic elements also contribute to the formation of fine
particulate when the vapors condense homogeneously. In lower-rank coals, organically associated
inorganic elements such as sodium, calcium, magnesium, and potassium have the potential to vaporize
during combustion. The evidence for vaporization and condensation of sodium and potassium is abundant.
The reactions of calcium and magnesium are less clear.

The chemical composition of the intermediate ash particles will influence their melting behavior
in combustion systems. Figure |.D.4-4 illustrates the composition evolution of Upper Freeport fly ash.
The figure shows that the major minerals such as pyrite, aluminosilicates, and K-aluminosilicates are
transformed during the combustion process. The result is the formation of iron oxides, iron
aluminosilicates, and other complex glass phases. These fly ash particles vary widely in size and chemical
compasition.

UPPER FREEPORT COAL
(Wt. % - Mineral Basis)
Quartz Associated Minerals*
lron Oxide ~ 12.60% 12.26%
1.88% -, .
e
13.76%
COAL
Aluminosilicate
24.36%

i . K-alurninosilicate
Fe alumlnosal{ngg‘r,z 31.60%

Quartz
12.10%

Amorphous Silicates

35.70%
lron Oxide
1o FLY ASH
K Aluminosilicate -
18.10% T050%

Fe Aluminosilicate Mixed Aluminosilicate
5.40% 4.50%

Figure II.D.4-4. Composition evaluation of Upper Freeport Bituminous coal
ash during combustion (wt % mineral basis): (a) coal composition, (b) fly ash
composition. * Mixed minerals such as quartz and pyrite.

In general, fly ash produced during pulverized coal combustion is approximately 90 to 95% amor-
phous and consists mainly of silicate glass. The conditions f\or glass formation have been discusses by
Kingery et al. (1876). Glass-forming oxides, sometimes referred to as network formers, have the ability
to build and form three-dimensional, random networks. The oxides that are good network formers include
Si0,, B,0,. Ge0,, P,0,, and AsO,. These network formers form highly covalent bonds with the oxygen
atoms. In contrast, a network-modifying oxide is incapable of building a continuous network. The addition
of such a modifying oxide to a network causes weakening of the network. Good examples of network
modifiers are oxides of sodium, magnesium, calcium, and potassium.
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An element that can act as either a network modifier or an intermedizte oxide is iron. In coal ash
systems, the effect of iron on the silicate glasses is extremely important. The oxidation state of the iron
dictates whether iron will exist as a network modifier or an intermediate. Iron oresent as FeO (Fe®) will
act as a network modifier, resulting in the formation of nonbridging oxygens and weakening the network.
Iron present as Fe,O, (Fe*) will act as an intermediate oxide and may take pzrt in the glass network.

Liquid sulfate phases also contribute to the formation of depositions in combustion systems. These
phases have very little tendency to form chains, rings, and network structures typical of silicates. The
sulfate phases form as a resuit of the reaction of sulfur oxides with alkali and alkaline earth oxides such
as sodium and calcium, respectively. The sulfur oxides form from the oxidation of sulfides and organis
sulfur during combustion. These oxides can then react with ash in the combustor. It has been shown that
the maximum amount of reaction between sulfur oxides and ash occurs at approximately 830 K and is
dependent upon the quantity of alkali and alkaling earth oxides in the ash (Reid, 1881). The exact manner
in which sulfates form is not well understood.

The behavior of alkali species such as sodium is extremely important with respect to the formation
of convective pass fouling deposits. The mechanisms by which sodium forms deposits have been inves-
tigated by a number of researchers (Jones and Benson, 1987 and Sondreal et al., 1977). Sodium present
as salts of organic acid groups in the coal will readily volatilize in a pulverized coal flame. According to
Raask (1985), volatile sodium can easily dissolve in the surfaces of silicate particles or become sulfated.
Sodium silicate (Na,Si,0;) was found to be thermodynamically more stable than sulfates at temperatures
from 1470 - 1870 K, while sodium sulfate was stable below approximately 1370 K. In fact, the formation
of Na,S0, at temperatures less than approximately 1300 K inhibited the formation of sodiurn silicate
(Wibberley and Wall 1982). Therefore, the distribution of volatile sodium batween silicate components of
the ash and sulfate is influenced by temperature, as well as the residence time, of the particle in the flame.

Deposit Initiation

The transport of intermediate ash species is a function of the state and size of the species and
system conditions such as gas flow patterns, gas velocity, and temperature. Several processes are
involved as described by Raask (1985) and Rosner et al. (1992).

The primary transport mechanisms are illustrated in Fig. I1.D.4-5. The small particles (<1 ym) and
vapor phase species are transported by vapor phase and small particle diffusion. These particles are
characteristically rich in flame-volatilized species that condense upon cooling in the bulk gas or in the gas
boundary layer next to the tube.

An additional transport mechanism which is important for the intermediate size range of particles
is that of thermophoresis, as illustrated in Fig. 11.D.4-5. This transport mechanism is important for particles

<10 pm. Electrophoresis is another transport mechanism that may be important with respect to the
formation of deposits (Raask, 1985).

Larger particles, greater than 10 gm in diameter, may impact a heat transfer surface due to their
inertia which prevents them from following the gas streamlines (e.g. around a tube). Inertial impaction
accounts for the bulk of the deposit growith.

The factors that influence the adhesion of an ash deposit to a heat-transfer surface include:

Temperature of the steel surface.

Thermal compatibility between the deposited material and the heat transfer surface.

Chemical compatibility between the initiating particles and the heat transfer surface.
Surface tension of the initiating ash droplet.

PN
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Figure ILD.4-5. Ash transport mechanisms to heat-transfer surfaces.

In the high-temperature radiant section of a utility boiler, molten ash particles may impact on the
waterwalls resulting in the formation of a deposit. The initiating layers next to the heat-transfer surface
may contain condensed, flame-volatilized species, in the form of small particles, that are rich in alkali and
alkaline earth sulfates. These particles are held in place by van der Waals and electrostatic forces (Raask,
1985). Particles impacting this layer may incorporate some alkali and alkaline earth elements. The alkali
and alkaline elements will cause the formation of lower melting point phases that can contribute to
increased bonding to the surface.

If the thermal characteristics (i.e., thermal expansion coefficients) of the heat-transfer surface and
the depositing material are similar, the deposit will not shed easily when the unit is cycled. One the other
hand, if the thermal expansion coefficients of the ash and the surface are different, the deposits will shed
much more easily during cycling.

Detailed fundamental studies of factors that influence the sticking of coal ash slags to heat-transfer
surfaces were conducted by Austin et al. (1981 and Abbot and Austin, 1985). They developed a simplified
apparatus to produce molten droplets of slag and allow them to fall and stick to a boiler steel coupon that
was held at a controlled temperature. The information generated with this apparatus lead to an improved
understanding of the factors that influence the sticking behavior of slag droplets on boiler steel surfaces.
The factors include slag droplet composition, droplet temperature, nature of the steel surface, steel
temperature, and the contact of angle of the droplet.

Deposit Characteristics And Growth

The characteristics of a deposit depend upon the chemical and physical characteristics of the
intermediate ash species, geometry of the system (gas flow patterns), gas temperature, gas composition,
and gas velocity. Figure 11.D.4-6 illustrates ash deposition phenomena in utility boilers. Deposits that form
in the radiant section are called slag deposits. Deposits that form in the convective pass on steam tubes
are called fouling deposits. Slag deposits are exposed to radiation from the flame, and are usually
associated with a high level of liquid phase components. Silicate liquid phases are typically the most
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prevalent, although the deposit may also contain moderate to high levels of reduced iron phases. Initial
layers of slag deposits may consist of very fine particulate which can be highly rzflective. Fouling deposits
form in the convective passes of utility boilers and, in most cases, do not contain the high levels of liguid
phases that are usually associated with slagging type deposits. Rather, fouling deposits contain low levels
of liquid phases (e.g. a combination of silicates and sulfates) that bind the particles together. The
formation of these deposits on heat-transfer surfaces can significantly reducz heat transfer. The heat
transfer through a deposit is related to the temperature, thermal history, and physical and chemical

properties of the deposited material. Properties which have a significant effect on heat transfer include
the tnermal conductivity, emissivity, and absorptivity.
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Figure II.D.4-6. Ash deposition phenomena in utility boilers.

The factors that contribute to the formation of slag deposits include (1) gas flow patterns resuiting
in impacting and sticking of the particles, (2) low-excess air conditions (3) the formation of a molten captive
deposit that becomes an efficient collector of impacting particles, and (4) an increase in gas temperature
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caused by less efficient heat transfer. Hatt et al. (1990) have classified slag deposits from utility boilers
into four principal types which include (1) metallic slags that have a metallic luster and are usually
associated with the combustion of pyrite-rich coals (reducing conditions cause the separation of the
metallic portion from the other slag components), (2) amorphous, glassy slag that is relatively
homogeneous with a high degree of assimilated ash particles, (3) vesicular slags that consist of
amorphous slag that contain trapped bubbles and have a sponge- like appearance, and (4) sintered slag
deposits that are only partially fused.

Fouling problems in utility boilers have been classified into two principal types: high temperature
fouling and low temperature fouling (Hurley et al., 1991). This distinction is needed since the bonding
mechanism of the deposits differ. In high-temperature fouling, the bonding of particles is due to silicate
liquid phases, whereas in low-temperature fouling, the bonding is a result of the formation of sulfates.
Condensed sulfur species, principally in the form of CaS04, are stable and form the matrix or bonding
material in the low-temperature deposits.

In combustors burning coals that contain high levels of alkali and alkaline earth elements, high-
temperature fouling can be a significant problem. In most cases, the innermost layers consist primarily
of small particles, rich in flame-volatilized species such as sodium and sulfur, which are transported to the
surface by vapor phase diffusion and thermophoresis.

Properties Of Deposits

The development of deposit strength is due primarily to sintering or densification of the deposit.
Sintering may occur by several mechanisms, as discussed in Kingery et al. (1976). Liquid phase or
viscous flow sintering appears to be the dominant mechanism but other mechanisms, such as solid state
sintering, may also be involved.

The driving force for densification is derived from capillary pressure of the liquid phase between
particles. When fwo particles that are coated with a liquid phase are in contact with each other, the
interparticle space becomes a capillary in which substantial capillary pressure can develop. For example,
in silicate systems containing capillary diameters between 0.1 and 1 ym can range from 1.2-12.1 MPa
(Kingery et al., 1976).

The capillary pressure increases densification by:

Rearranging the particles to increase packing effectiveness

Increasing the number of contact points between particles

Promoting the dissolution of smaller particles to produce large particles (Ostwald ripening)

. Transferring material away from particle contact points to bring particle centers closer together.

SRR

The reactivity and liquid forming propensity of the deposited ash particles can be approximated
from the base-to-acid ratio distribution of the particles. Basic components include network modifiers such
as calcium or sodium. Acidic components include species such as silica which are network formers. A
mixture of acidic and basic components tend to react to form low melting point species. Therefore, deposit
which contains both acidic and basic particles has a high potential for liquid phase formation. In contrast,
a deposit consisting of particles which are either all basic or all acidic has less potential for liquid phase
formation. Crystallization is another factor which may affect the densification process. In general,
crystallization tends to slow the densification process and weaken the deposit. Relationships are currently
being developed between the chemical composition and physical properties of coal ash slags (Nowak and
Benson, 1992).

The properties of the deposit that influence the heat transfer in a utility boiler are the emissivity
and the thermal conductivity. Wall et al. (1979) reviewed the effect of deposit properties on the emissivity
and thermal conductivity of the deposit. The emissivity was affected by the physical structure, shape, and
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chemical composition (color) of the deposil. Emissivity of coal ashes decreased with temperature at lower
temperatures, and then increased sharply at higher temperatures as sintering and fusion cccurred.
Particle size was the most dominant variable which affected the emissivity of unsintered samples.

The thermal conductivity of the deposit is also related to the physical structure and chemical
composition of the deposit. A deposit that is highly porous and composed of insulating materials will have
a low thermal conductivity, while low-porosity materials containing iron will have higher thermal con-
ductivities. Figure i1.D.4-7 shows thermal conductivities for deposits as measured by Wall et al. (1973) and
Benson et al. (1990).
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Figure I1.D.4-7. Thermal conductivity of deposits having different
characteristics.

Mode! Development

Modeling of ash formation and deposition has a goal of producing the following information as an
end-product:

1. Deposition rate, which will provide information as to the frequency of soot blowing or load
shedding required to operate the unit

2. Heat-transfer recovery after cleaning by soot blower or load-drop methods

3. Potential for catastrophic deposition.

This information will provide users with the ability to ascertain the limits on system perfarmance
due to ash deposit formation. Utility operators want to determine when the deposition rate is less than or
equal to the heat-transfer recovery due to soot blowing (Case 1 in Fig. I1.D.4-8). Under Case 1, the unit
can operate continuously at the current conditions. If the deposition rate becomes greater than the heat-
transfer recovery due to soot blowing, as illustrated for Case 2, load must be dropped in order to shed
deposits.

The approach required to develop a model that can predict the deposition index illustrated in Fig.
11.D.4-8 is shown in Fig. 11.D.4-8. This is an overview diagram representing a phenomenological approach.
The diagram does not illustrate the effects of boiler design and localized deposition in the radistive and
convective passes of a utility boiler. A model is needed to predict the deposition index shown in Fig.
11.D.4-8 as a function of the operating conditions, coal composition, and boiler geometry.
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Figure I1.D.4-8. Deposition index versus time for ash growth in utility
boilers (Pavlish et al., 1991).
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Figure I1.D.4-9. Description of Coal Inorganic Components.
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Modeling the behavior of inorganic constituents during combustion is limited, to a large extent, by
the description of the coal inorganic components that is provided as input to the model. Madel input
parameters should include: (1) chemical information on both the coal and coal minerals, (2) the particle-
size distribution of the coal and minerals, (3) information on the association batween the coal and mingral
phases, and (4) the abundance of organically associated inorganic components. Chemical information
may be obtained from standard ASTM procedures, CCSEM and chemical fractionation, as discussed
before.

One method of describing ash transformations is to follow the mineral behavior during corabustion
of a single coal particle. In order to do this, it is necessary to know the mineral composition of the coal
on a particle-by-particle basis. In other words, a knowledge of the particular minerals associated with a
given coal particle is required. CCSEM typically gives the size and composition of only the mineral
particles that are greater than 1 pm, but does not associate particular mineral particles with coal particles.
Therefore, it is necessary to randomly redistribute the minerals (as measured by CCSEM) back into the
coal in order to approximate the particla-by-particle mineral compaosition of the coal.

Mathods for mineral redistribution have been discussed by Wilemski st al. (1992) and Beer et al.
(1992). Redistribution techniques usually involve a Monte Carlo simulation and/or the use of Poiszon
distribution functions to represent the distribution of mineral particles in coal

Modeling of Ash Formation

Two previously mentioned limiting cases have been extensively studisd. The first of these is the
coarse limit or full coalescence limit that assumes all of the ash in the char cozlzsces to form a single ash
particle. The second limiting case is the fine limit in which no coslescencs ocours and each mineral
inclusion forms one ash particle. The actual fly ash distribution probably lies batween these two extremas.
These two limiting cases were recantly used to predict the size and composition of fiy ash from three
bituminous and one lignitic coal (Witemski et al,, 1992). Predictions with the full coalescance model
compared well with experimentally measured size and composition. In contrast, predictions with the no-
coalescence assumption did not compare well with either the size or composition for the coals examined.
Less satisfactory agreement between the full-cozalescence model and experimantal data was obsarvad by
Loehden et al. (1989), who found that the no-coalescence model gave a better estimate of the fiy ash size
distribution. Other studies have shown that the fiy ash particle-size distrinution approaches that of the
mineral inclusions (i.e., no coalescence) for high-rank coals (Beer et al,, 1930). However, even when the
no-coalescence model approximates the fly ash particle-size distribution, the predicted composition
distribution may be very inaccurate as discussed by Beer et al. (1992). The above results indicate that
the simple “limiting case” models lack the sophistication nacaessary to describe inorganic transformation

for a variety of coals and operating conditions. This is why partial coalescence models have bzen
developed.

There are two basic types of partial coalescence models found in thz literature. The first type
makes the transition from coal inorganic components to fly ash by modeling char combustion explcitly and
tracking the inorganic transformations as the char burns. The second typ2 uses random combinztions of
the coal minerals to form the fly ash without explicitly considering char combustion. Both types of models
require the detailed chemical data available from CCSEM.

Sample results from the latter procedure are shown in Fig. 11.D.4-10. This method has the distinct
advantage of eliminating the need to redistribute the mineral grains back into the coal matrix; the fly-ash
distribution is generated directly from the CCSEM data. Excluded minerals are known to behave differently
from included minerals which are intimately associated with the char combustion process. Srinivasachar
and Boni (1989) recently developed a mathematical model to describe the transformations of excluded
pyrite, a mineral form that is important in the slagging of boilers burning eastern coals. They found that,
for the simulated conditions, approximately 80% of the total time required to oxidize pyrite to solid
magnetite was spent in the molten phase. Clearly, the presence of the moltzn phase is significant with
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Figure I1.D.4-10. Particle-size and composition distribution predictions
using the EERC model for Kentucky #9 on an iron-free basis: (a) predicted
and experimental phase distribution, and (b) predicted and experiment size
distribution (Zygarlicke et al., 1992).
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respect to deposit formation. Other excluded minerals of interest include illite, which melts under typical
combustion conditions (Srinivasachar et al., 1880), and silica which reacts with vaporized alkali or alkaline
earth metals.

Simulation of the behavior of vaporizable species should consider the following areas:

Release of the species into the vapor phase

Chemistry of the species in the vapor phase

Transport of vapor species to locations where reaction or condensation may take place
Reaction or condensation of the vapor species

BRGNS

Equilibrium calculations have bsen used by a varisty of investigators to determine the behavior
of inorganic elements in the vapor phase (Wilson and Redifer 1973, Wibberley and Wall 1982, and Benson
1987). These calculations appear to adaquately represent the species pressni in the vapor phase, with
the exception of species like sodium sulfate that are thermodynamically stable, out are not readily formed
due to kinetic constraints (Srinivasachar et al,, 1980 and Steinberg and Kchofizld, 1990).

Transport Processes

A single cylinder in cross-flow most closely represents a leading nheat-exchanger tubz in the
convective pass. Quantitative impaction rates have been determined for pariicles transported by both
inertial impaction and thermophoresis. The most frequently cited correlation of inertial impaction rates is
perhaps that of Israsl and Rosner (1283) who correlated the impaction efficizncy in terms of a generalized
Stokes number for a clean tube (free of deposit). Thermophoresis may also significantly impact the
transport rates of small particles (<10 gm) as discussed before. Both Eulerian (Rosner, 19856) and
Lagrangian (Wesse!l and Righi, 1988 and Jacobsen and Brock, 1985) approaches have been used to
simulate thermophoretic transport for a cylinder in cross-flow.

There are locations in a boller or combustor where the gas flow is predominantly parallel to the
surface, as opposed to the perpendicular or impinging flow of the cylinder in cross-flow. in such cases,
eddy impaction due to turbulence may play an important role in particle transport. Methods for calculations
of particle deposition from turbulent flows were reviewed with regard to assumgptions, accuracy, and range
of application by Papavergos and Hedley (1984). These authors identified fwo basic types of maodels: {1)
models based on theories of classical turbulence, and (2) stochastic madsls. Models based on the
classical concepts of turbulences possessed the following characteristic: (1) incorporation of the "stopping
distance” concept, (2) use of the multilayer fluid mode! adjacent to the wall (laminar sublayer, buffer layer,
and turbulent core), (3) a particle diffusivity which is egqual or proportional to the eddy diffusivity of
momentum, (4) use of the r.m.s. radial fluid velocity to approximate the frez flight velocity of the particle.
It was concluded that theories based on the classical concepts of turbulence were “of limited application
and accuracy, buf easy to use in design calculations” (Papavergos and Hedley, 1984). Stochastic modsls
are generally more accurate, but also more complex. A recant example of the stochastic approach is the

study of Kallio and Reeks (1988), who used a Lagrangian random-walk approach o model particle
deposition in turbuient ducts.

Particle Capture and Deposit Growth

Several different factors influence the sticking probability of a given particle, including the particle
velocity, viscosity, surface tension, temperature, size, and impact angle, as wzll as the condition of the
substrate upon which the particle impacts. In theory, it should be possibla to describe quantitatively all
of the above factors and simulate deposit growth on a particle-by-particle basis. However, the excessive
amount of computer time that would bz required and the inherent complexity of the deposition process
itself preclude the use of such simulations for practical systems. Consequently, models of particle capture
and deposit growth have focused on the factors considered most important to the particular system of
interest. A significant amount of work remains to be done before it will be possible to quantitatively predict
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particle capture and deposit growth. In order for this to be successful, theoretical work must be coupled
with experiments at every stage of development.

Thermal Properties of Deposits

Two key physical properties are the emissivity and the thermal conductivity, both of Which vary with
the particle size, chemical composition, temperature, and thermal history of the deposit.

Wall et al. (1979) reviewed the influence of ash deposits on wall emissivities. Methods for
laboratory measurement of emissivity were discussed and problems identified. Problems included the fact
that boiler deposits are not flat, and that rough deposits have effective emissivities that are well above
laboratory values. The chemistry of the deposits also has an effect on emissivity. The authors recommend
in-situ measurement of this important physical property.

Ash depaosits are often characterized by an effective thermal conductivity (keff) which is a single
value used to represent the entire thickness of the deposit. Measurements of effective thermal
conductivities have been made for both particulate and fused deposits. They clearly show that the
magnitude of the effective conductivity varies significantly with the type of deposit formed. Caution should
be exercised when using keff values measured in the laboratory since these measurements are typically
made by grinding a sample of ash into a powder and pressing it into a pellet for the measurements.
Consclidation and sintering invariably occur to one degree or another in boiler deposits, leading to an
effective conductivity which is greater than values generally derived from laboratory measurements (Wall
et al., 1979). In the absence of other information, a reasonable value for the effective thermal conductivity
of deposits which are not highly fused is 0.5 W/m K (Creek, 1985 and Anderson et al., 1987).

Review of Work Performed at PSI

Between 1986 and 1992 PS! Technology Company (PSIT) conducted a mineral and ash study for
DoE/PETC. The goal of the study "was the development of a comprehensive modet to predict the size
and chemical composition distributions of ash produced during pulverized coal combustion”. The resuits
of the study are reported in Phase | and Phase il Final Reports (Boni, et al.,, 1890; and Helble, et al.,
1992).

The study developed techniques for characterizing the size and composition of both minerals
included in coal particles as well as fly ash. The most important characterization technique was (CCSEM)
in which sample of each coal fly ash was analyzed by Computer Controlled Scanning Electron Microscopy
to determine the type, composition, and size of the coal mineral matter. This technique was eventually
employed as the primary input for the engineering model.

The engineering model is illustrated in Fig. 11.D.4-11. The model starts with the evaluation of the
mineral inclusion compositions and sizes. This analysis is performed once for any coal and a mineral
redistribution model is used to determine how the minerals are distributed among particles for any coal
grind. This statistically calculated mix of particles with their included and excluded minerals is used to
predict the ash particle distribution. To do this requires answers to specific questions on the chemical and
physical transformation of the minerals such as:

n Do mineral grains coalescence?
n What happens to the organically bound alkali metals?
= What happen to the pyrite?

To answer these questions, the PSI Technology study included a wide range of experiments. For the
purpose of the engineering model, the most important findings were as follows:
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Figure I1.D.4-11. PSI Technology Engineering Model for Ash Particle

Size and Composition.
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[ "The full coalescence model gives generally acceptable predictions of ash
composition and size distributions. On the other hand, the no coalescence model
fails to identify several ash composition categories and consistently predicts too
fine an ash size distribution in the smaller size range”.

. "Calcium aluminosilicate ash results mainly from the interaction of organically-
bound calcium with aluminosilicate minerals. Calcium, present as calcite, does
not interact with other minerals, unless it is present as very fine inclusions. The
compositions and concentrations of calcium-containing ash particles are sensitive
to the amount of organically-bound calcium in the coal".

n "Char fragmentation, was found to have little influence on the ash distributions for
all but the lowest ash (< 5%) coals".

n "Alkali vaporization (mainly sodium) was found to be affected by the presence of
aluminosilicate minerals, with the formation of alkali aluminosilicates retarding
alkali vaporization".

" "Calcium-rich aluminosilicates were found to lead to significant particle deposition
under a wide range of conditions".

n "Pyrite-derived ash particles were also found to deposit over a wide range of
conditions, provided that a molten phase was present".

- "Coalescence of ash particles during char combustion is enhanced by the
presence of alkali and alkaline earth metals in the coal".

n "Coal mineralogy and combustion temperature {not combustion scale) are the
most important parameters determining the composition distribution of
combustion-derived fly ash particles".

= "Traditional indices for slagging and fouling based on mean ASTM ash
compositions are inadequate because they fail to account for the wide variability
in compositions and sizes of ash particles”.

General Modeling Issues and Concluding Remarks

Previous sections have discussed several aspects of mineral matter behavior, all of which are
relevant to the development of a complete model of inorganic transformations and ash deposition. The
quantitative description of each of these aspects alone requires a relatively complex mathematical model.
In fact, it is still not possible to accurately predict some of the key aspects (e.g., deposition rate). Clearly,
then, the combination of all the different aspects of mineral behavior into a single submodel represents
a formidable task.

As this task is approached, it is important to realize that different fuel and boiler combinations
require different aspects of mineral behavior in order to predict ash formation and deposition. Therefore,
the sophistication of the mineral matter submodel should be Yeduced to the key aspects needed to solve
the problem set of interest. In addition, the type of information needed by the user will determine the level
of simulation which must be performed. With this in mind, there is a need for at least two principal levels
of modeling, namely, (1) simple simulations to determine the relative behavior of different fuels, and (2)
comprehensive simulations with localized resolution in the boiler. The simple model (1) should be
designed to run efficiently on a low-level platform, such as a personal computer. The second level of
modeling is a mineral matter submodel incorporated into a comprehensive combustion code. The
development of a first-generation submodel is currently in progress.
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During the past several years, significant advances have besn made in our understanding of the
fundamental mechanisms of ash formation, transport, growth, and strengtn development. Many of these
advances are related to the development of analytical techniques, such as CCSEM, which enable
determination of the size, composition, abundance, and association of mingral grains in coal. This detailed
analytical information has been an important factor in the identification of the key mechanisms which
govern ash behavior, and has led to the development of mechanistic models to descrbe ash
transformations and depositions. These models provide the basis for predictive tools which can b= applied
to practical systems.

Although considerable progress has been made, there is still much worl to be done. For example,
there is a need to develop quantitative relationships between the characteristics of the enfrained ash (e.qg.
fly-ash chemistry and morphology) and the physical properties of ash deposits that influence deposit
growth, strength development, and cleanability. Also, data from bench-gcale, pilot-scale, and full-scale
units are needed for verification of mechanistic models. Once verification is complete, the predictive
models will be available for simulation of practical systems in order to determine operating canditions
which will minimize deposition problems, maximize efficiency, and reduce emissions.
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