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BACKGROUND AND PROJECT OBJECTIVE

The amount of unburned carbon in fly ash is an important concern in the design and operation of
pulverized coal fired boilers, affecting combustion efficiency, boiler performance, and ash
marketability. The late stages of char combustion have a special technological significance, as
carbon conversions of 99% or greater are typically required for the economic operation of
commercial-scale systems. Achieving such high conversions is difficult in certain cases,
especially in connection with boilers retrofitted with combustion zone modifications for NOx
abatement [Fiveland and Jamaluddin, 1992]. While there is an extensive literature on ignition
[Essenhigh et al., 1989], and char combustion [Field, 1970, Smith, 1982, Essenhigh, 1981], there
have been many fewer studies of extinction [Mulcahy, 1977], conversion-dependent reactivities
[Hecker et al., 1992, Charpenay et al., 1992], or the important late stages of combustion, in part
due to the difficulty of making scientifically meaningful measurements on highly reacted
samples in which inorganic material (ash) is the majority constituent.

In Sandia's Coal Combustion Laboratory (CCL), unique optical techniques and advanced
materials analytical facilitates are developed and used to determine char oxidation kinetics with
an emphasis on the late stages of combustion. Experiments are performed on a suite of
commercially-important U.S. coals of various rank and type, as well as residual carbon materials
extracted from fly ash samples from commercial-scale coal combustors. The ultimate goal of the
project is the development of an advanced, time-dependent kinetic model that predicts the
combustion rates and burnout times of chars over a wide range of conditions of interest to current
and future pulverized coal combustion technologies.

SUMMARY OF ACCOMPLISHMENTS

In FY93-94, a new experimental apparatus for captive particle imaging was developed in the
CCL and used for the investigation of char combustion behavior in the critical high-conversion
regime. These results, coupled to in-situ optical measurements in the entrained flow reactor
generated important new insights into reactivity loss, extinction-phenomena, and the late stages
of burnout. Char reactivity was observed to decrease substantially during combustion, and
advanced materials analytical facilities at Sandia were applied to partially-reacted chars to
understand the mechanisms for reactivity loss. The analytical techniques include laser spark
spectroscopy, X-ray diffraction, solid-phase FTIR, and high resolution transmission electron
microscopy fringe imaging with digital image analysis. The development of the captive particle
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imaging apparatus is described in the following section and subsequent sections present and
discuss a selection of recent research results.

Development of the Captive Particle Imaging Apparatus

Figure 1 depicts the new captive particle imaging (CPI) apparatus, developed in FY93-94. Coal
or char particles of 50 - 300 l.tm in diameter are placed on a low-density particle support and
inserted into the flow reactor through a open test section in the quartz wall. The support is
surrounded by a small conical cooling coil which maintains the particle at 200 - 300 °C, while it
is brought into the focal volume of a modified long-focal-length microscope. The cooling coil is
then retracted, the particle is rapidly heated by the surrounding gases, and its ignition,
combustion, and burnout behavior is imaged at high resolution using both reflected visible light
and emitted radiation in the near infrared.

The particle support consists of a platinum ring, spanned in several places by 75 lxm diameter
platinum wires that provide support for a thin layer of fine (5 l.tm diameter) A1203 fibers, having
an ultra-low solid volume fraction. Because transport processes for particles in the pulverized
size range are dominated by diffusion, conduction, and radiation, and not by convection [Field,
1970], this mechanical suspension technique accurately simulates char combustion in entrainedi

flows, although it visibly perturbs the flow field and the convective processes. The flow field
and the temperature transients at the beginning of the experiment have been characterized by
photographic imaging of seeded flows and by fine-wire thermocouples. Maximum heating rates
are approximately 2.103 K/sec with good shot-to-shot reproducibility. The rapid and
reproducible temperature transients combined with the avoidance of transients in gas
composition make this flow configuration useful for investigating char combustion and burnout
phenomena. The optical system comprises a long-focal-length microscope modified by addition
of an internal beam splitter to allow simultaneous dual video imaging of the same field-of-view.
A CCD camera records an image formed by reflected visible light (supplied by fiber-optic
illumination) while a second camera registers an image formed by near-infrared emission from
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Figure 1. Schematicof the captive particle imaging apparatus. Analog and digital image acquisition,
storage,andprocessinghardwareis notshown.
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the particle surfaces. The near-infrared channel has been calibrated with a high-temperature
black-body source and the thermographic images are digitized and quantitatively analyzed to
determine particle radiance temperatures.

The Late Stages of Char Combustion

The late stages of char combustion were investigated in FY94 by two independent optical
techniques. The first technique uses in situ optical measurements on entrained char particles
burning in a laminar flow reactor, coupled with a criterion developed at Sandia [Hurt, 1993] for
distinguishing inorganic from carbon-rich particles by measurement of their spectral emissive
factors in the near-infrared. The second technique employs the new captive-particle imaging
apparatus equipped for simultaneous near-infrared thermography.

Captive particle image sequences were obtained for approximately one-hundred particles of
Illinois #6, Pittsburgh #8, and Pocahontas #3 coal chars. An example dual image sequence is
shown in Fig. 3, along with time-resolved radiance temperatures determined from digitization of
the near-infrared images. The combined data and images show a period of bright incandescence
from 0.8 to 1.2 seconds, followed by a relatively abrupt drop in temperature of 125 K and a long,
slow, nearly-isothermal, final burnout to a carbon-free ash particle. This event has been referred

"7 -

135°l ....... ' • .. ...... ' ' ' ' l125o • i

= 115o I l _ • A 1== 1050 - --I _-"_ I

_ ,.,o,a ; IJ,,._1 I

: ,:.o.,b,,_,e,.,,, t.....o,,t H !
950 _ ...... I ..... 1 _ I I - r....... v

0 0.5 1 1,5 2 2.5 3 3,5 l"

Time (see)

Figure 2. Dual-camera captive particle image sequence for typical Illinois #6 coal char particle. Combustion of
=200 _zn particle in 6 mole-% oxygen at a steady-state local gas temperature of 1250 K.
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to as a near-extinction [Hurt, 1993], and it significantly increases the time required fl_rcomplete
combustion. The dual image sequences are particularly useful for defining the point of near-
extinction--it occurs while the particle is still dark under visible illumination, often before the
appearance of any visible surface ash. Near-extinction is also observed for particles containing
very small amounts of mineral matter (as inferred from the size of the final ash particle). For
these low-ash particles, the near-extinction is clearly not caused by the fbrmation of"an ash-film
diffusion barrier.

For particles with a high mineral content initially, the final stage of the combustion process
consists of the removal of these elemental carbon inclusions from a predominately inorganic
matrix. This process, which we refer to here as "ash decarburization" can be extremely slow,
requiring from 1-2 orders of magnitude more time than the duration of the primary, rapid
combustion stage. Another unique characteristic of high-mineral-content particles is that their
combustion and burnout generally occurs without dramatic changes in the particle morphology
or size. The mineral matter provides a cohesive framework from which elemental carbon is
removed while preserving much of the original particle shape. No fragmentation, or structural
rearrangement of the particles is typically observed. The ash frameworks, however, are often
observed to slowly consolidate and densify after most of the carbon disappears, due perhaps to
sintering mechanisms.

Low-mineral-content, low-density particles, in contrast, undergo profound morphological
changes during combustion. Consumption of carbon from these panicles often results in loosely
connected, fragile structures at moderate to high conversion. Such particles are much more
likely to fragment during combustion, but instead of producing distinct fragments as has been
observed for entrained particles [Baxter, 1992], they are typically observed to contract or
reagglomerate to yield a single ash particle.

In addition to the captive particle results, in situ optical measurement of single-particle .size,
temperature, and emissive factor have been made during combustion to high carbon conversion
in an entrained-flow reactor. These data indicate a gradual transition from a population of fully
ignited char particles in the early-stages of char combustion to a predominance of low-
temperature particles at a char carbon conversion of 75% and, finally, to a predominance of
inorganic-rich particles (with emissive factors < 0.3) at a char carbon conversion of >90%.
After eliminating inorganic particles from the analysis [Hurt, 1993], conversion-dependent
kinetics were computed from the optical data and are plotted in Fig. 3. The reactivity in Fig. 3
decreases monotonically during combustion, dropping by a f_ctor of 5 at 9(i)%conversion. This
reactivity loss occurs in a region where the degree of carbon crystallinity in the sample is
increasing sharply, as discussed in the next section.

The Evolution of Carbon Crystalline Structure During Combustion

To help explain the observed loss of global char reactivity during combustion, the ew)lution of
the organic char matrix was characterized for selected samples in FY94. "['he characterization
included measurements of elemental hydrogen, elemental oxygen, total surface area by carbon
dioxide vapor adsorption, as well as application of X-ray diffraction (XRD), and high resolution
transmission electron microscopy (HRTEM) fringe imaging. Although HRTEM fringe imaging
has been widely applied to other carbon materials, the current effort represents the first attempts,
to the authors' knowledge, to apply it to the study of coati char transformations during
combustion. The HRTEM technique is illustrated in Fig. 4. A char sample is hand-ground to a
fine powder, placed on a holey carbon grid, and then examined at moderate magnification to find
wedge-shaped fragments that are optically thin at the edge (see left hand image in Fig 4). A
number of such edge regions (typically ten or more) are then photographed at high
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Fig. 3. Mean crystallite diameter (circles), turbostratic volume fraction (squares), and char reactivity or
preexponential factor (triangles) as a function of residence time for partially-combusted Illinois #6
coal chars samples from the Sandia entrained flow reactor. Crystallite size parameters were
determined by digital analysis of HRTEM fringe images.
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Figure 4. Illustration of technique used to obtain high resolution transmission electron microscopy
(HRTEM) fringe images of coal char and residual carbon samples. Left panel is low
magnification image of a residual carbon fragment (the large dark body) residing on a holcy
carbon grid. Right panel is a high magnification fringe image of the optically thin regions near He
edge of the same carbon fragment.
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magnifications (approximately 2,000,000 x) in fringe imaging mode, and representative fields of
view selected and reproduced (see right hand image in Fig 4). Individual graphitic layers with
their planes perpendicular to the image plane are clearly distinguishable in Fig. 4 as lines,
separated by a distance that approximates, but is typically somewhat greater than, the
characteristic interlayer spacing for crystalline graphite, 0.335 nm. HRTEM fringe images yield
a wealth of information on the degree and nature of crystallinit3 in carbons, including interlayer
spacings, the dimensions (lengths) of the graphitic layers and the extent of parallel alignment of
neighboring layers (stacking depths).

Fringe images were obtained for a series of partially reacted Illiaois #6 char samples and several
residual carbon samples from commercial-scale boilers. The young char sampled at the end of
the primary devolatilization zone was observed to be highly amorphous, with individual, curved
carbon fringes predominating. At 72 msec, corresponding to 24% char carbon conversion, most
of the fringe image fields examined were still amorphous, with a minority showing some
recognizable turbostratic crystallinity. The carbon crystalline structure continues to develop
from 72 to 117 msec, with the sample at 117 msec (76% conversion) exhibiting stacking depths
of up to 10 layers and fringe lengths of up to 10 nm. The development of crystalline order under
combustion conditions has also been noted by Levendis and Flagan [1989] for polymer-derived
carbons, and to a lesser extent for biomass-derived chars [Wornat et al., 1994]. The lack of
crystalline order developed in biomass chars produced under conditions similar to those in the
present work can be attributed to the high oxygen-content and structural rigidity in the nonfusible
parent material [Wornat et al., 1994].

A custom digital image analysis algorithm was developed to measure fringe or crystallite size
statistics and thus to quantify the increase in crystalline order observed by HRTEM. The results
ale summarized in Fig. 3. Mean diameters are shown to increase only slightly with residence
time, which is qualitatively similar to the XRD results. An alternative metric for degree of
crystallinity that can be derived from the images is the total volume of material in a recognizable

turbostratic structure. This parameter increases slightly from 47 to 72 msec before undergoing a
rapid increase from 72 to 117 msec at the same time that the global reactivity (preexponential
factor) is decreasing. Among the four indicators of the organic char structure evaluated (H/C
ratio, carbon dioxide surface area, crystallite dimensions by X-ray diffraction, and HRTEM
images), the volume fraction of turbostratically ordered material as determined by HRTEM
fringe-imaging correlates best with the observed reactivity loss for Illinois #6 coal chars and
residual carbon samples.

DISCUSSION AND CONCLUSIONS

The combination of in situ optical measurements and independent captive particle image
sequences provide dramatic illustration of the asymptotic nature of the char burnout process.
Single particle combustion to complete burnout comprises two distinct stages: (1) a rapid high-
temperature combustion stage, consuming approximately 70% of the char carbon and ending
with near-extinction of the heterogeneous reactions due to loss of global particle reactivity, and
(2) a final burnout stage occurring slowly and at lower temperatures. For particles containing
significant amounts of mineral matter, the second stage can be further subdivided into: (2a) late
char combustion, which begins after a near-extinction event, and converts carbon-rich particles to
mixed particle types at a lower temperature and a slower rate; and (2b) decarburization of ash
the removal of residual carbon inclusions from inorganic (ash) frameworks in the very late stages
of combustion. This latter process can be extremely slow, requiring over an order of magnitude
more time than the primary rapid combustion stage.
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The low global reactivities of inorganic-rich particles is not surprising, as mineral matter can act
as a diffusion barrier, or simply as a "diluent" llturt et al., 19941, reducing the carbon surface
area per unit particle volume. A more significant observation is the initial temperature drop, that
we refer to as a near-extinction event, which is exhibited by most of the particles investigated.
The near-extinction is caused by a loss of global reactivity, and occurs for both high and very
low ash conte,_t particles, often before ash becomes visible on the particle surfaces. For particles
with very little ash, the loss of global reactivity is likely related to changes in the carbonaceous
phase, rather than interactions with the bulk mineral matter.

Separate experiments were therefore performed to characterize the evolution of the organic char
matrix during high temperature combustion. When pulverized-coal particles are rapidly heated
by injection into a hot oxidizing environment, the processes of devolatilization, carbon structural
ordering, and heterogeneous oxidation occur sequentially, but with significant overlap. Unlike
experiments in which the char is stabilized by heat treatment prior to combustion, entrained flow
reactor experiments (and most practical devices) yield a young char that is highly amorphous,
highly reactive, and possesses high surface area and residual hydrogen content during the early
stages of combustion. The early stages of heterogeneous oxidation proceed in parallel with the
latter stages of carbonization, leading to preferential loss of hydrogen, a reduction in surface
area, and the development of crystalline order. For highly oxygenated, cross-linked chars
derived from biomass, the extent of ordering during combustion is not as great [Wornat, et al.,
19941.

Crystalline order is induced in carbon lattices by thermally-driven atomic or mesoscale
rearrangements [Marsh et al., 1991, Suuberg, 1991], possibly enhanced by oxidative removal of
carbon atoms from the lattice [Hurt et al., 1993, Levendis and Flagan, 1989]. The degree of
crystalline order is therefore believed to be primarily determined by the temperature history of
the samples, although it may be enhanced by the oxidation or by the preferential consumption of
less ordered material. Typical combustion times and peak temperatures are insufficient to bring
about true (three dimensional) graphitization for most coals, but rather lead to the growth of
regions with turbostratic order, a process we refer to as pregraphitization. The development of
turbostratic order is seen to occur gradually over a time scale comparable to the combustion
process itself-- here, on the order of 100 msec at particle temperatures of 1800 K and oxygen
concentrations of 12 mole-%.

Implications: pregraphitization and char deactivation in boilers

The pregraphitization phenomenon has important implications for combustion systems. First, it
is intrinsically more difficult to achieve high carbon burnout than is predicted by models based
on laboratory char oxidation kinetics. Existing global models used in comprehensive combustion
codes do not predict the asymptotic nature of char combustion to complete conversion.
Secondly, to identify problem coals with respect to carbon burnout, one must consider both their
early combustion reactivity (as is commonly measured in the laboratory) _!d the propensity of
the char to pregraphitize and deactivate at high temperature. Thirdly, char reactivity may be
greatly affected by changes in the structure of the flame zone in a boiler. High flame
temperatures, for example, may accelerate combustion only slightly (as the heterogeneous
reactions are limited at high temperature by the low energy process of boundary-layer diffusion),
but may promote char pregraphitization and deactivation, making subsequent complete burnout
in the upper furnace region more difficult to achieve. Pregraphitization may be especially
detrimental in low NOx systems, where oxidation is delayed and the opportunity may be lost to
rapidly consume the young, reactive char. More realistic time-, conversion-, and environment-
dependent kinetic models are under development, which will be capable of quantifying these
effects and making accurate predictions in the conversion and temperature ranges of industrial
interest.
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ABSTRACT

We review here results of ourrecent research on the deposition dynamics of combustion-generated particles in
coal-fired power production technologies. In this summary* we outline and illustrate the results of our recently
developed methods to predict total surface deposition rates and associated convective heat transfer reductions for
cylindrical targets exposed to distribution of particles suspended in the mainstream. By combining the essential
features of recently developed single particle sticking probability laws with our correlation of the inertial impaction
of particles on a circular cylinder in high Reynolds number cross-flow, we develop formulae and 'universal' graphs
which provide the dependence of particle deposition rates, and associated reductions in convective heat transfer, on
such system parameters as mainstream velocity, mean particle size and target diameter. The deposition rate prediction
procedures illustrated here (see Rosner and Tandon, 1994)are efficient enough to be incorporatedinto future, improved
'fouling propensity indices' and can also be used to motivate, evaluate and implement "ruggedization" andlorfouling
reductionstrategies.

Details on these theoretical studies (Section 2), and their immediate antecedents, will be found in our archival
references (Section 4). A judicious blend of (numerical and physical) experiments, theory, and intuition will continue
to be necessary to economically arrive at methods/results to improve the generality and accuracy of future particle-
deposition-related design calculations for a wide varietyof equipment/fuel types. We propose that our computational
and correlation methods be extended to treat more complex situations of practical importance in power generation
applications.

1. _BACKGROUND and OBJECTIVES

Initially clean heat exchanger surfaces exposed to high temperature flowing suspensions-
eg., ash or soot particles in fossil fuel (oil or coal-) combustion products, can acquire a sufficient
fraction of this solid material to cause a noticeable decline in heat transfer performance. This decline
is associated with the local growth of microg_'anular insulating 'fouling' layers,creating the need for
periodic shutdown for cleaning. To predict required maintainance intervals for a particular (class of)
fuel(s) and/or assess the most economical degree of fuel 'cleaning', a quantitative understanding of
heat exchanger fouling rates is clearly necessary. From the viewpoint of capturing a non-negligible
fraction of the mainstream particle flow rate inertial impaction is the mechanism responsible for
most of the deposited mass and volume. However, by far the greatest uncertainty in making fouling
rate predictions is associated with the appropriate single impacting particle capture fraction, or
sticking probability s which, in general, is
a function of both incident velocity and angle but not yet fully understood for particle impaction on
a granular deposit (Konstandopoulos ( 1991), Rosner et al (1992). In the present program we have

*For a review of multi-component convective-diffusion and thermophoretic particle mass transfer in chemically reactive
flow systems, see, e.g., Rosner, 1986,1990. Our prior experimental and theoretical studies of alkali vapor deposition are
conveniently summarized in J. PhysicoChemical Hydrodynamics (Pergamon) 10, [5/6], 663-674 (1988). For a useful
overview of heat exchanger fouling research as of ca. 1989, see: Marner (1990).
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also extended/applied inertial impaction theory (Konstandopoulos (1991), Rosner et al (1992)) and
applied what we now know about single particle capture behavior ( Konstandopoulos(1991),
Rosner et al (1992)) to predict the sensitivity of deposition rate to system parameters (eg.,
mainstream velocity, particle mass loading, rebound velocity, mean particle size, tube diameter,
etc. This capability could clearly be used to motivate, evaluate and implement "ruggedization"
andor fouling reduction strategies.

2. RESEARCH ACCOMPLISHMENTS AT THE YALE-HT(_RE LAB
2.1 Prediction of Particle Deposition Rates in Engineering Equipment

Rosner and Tandon (1994) have developed a convenient formalism for making rational
engineering predictions of deposition rates in high-gas velocity particle-laden environments, based,
in part, on recently developed single particle sticking capture laws (Konstandopoulos (1991);
Rosner et al (1992)) for impaction on granular deposits. Exploiting such information, even when
available for the particular materials combinations of interest, to anticipate deposition rates in
realistic engineering environments is normally a computationally demanding task since it is
necessary to track the impingement frequency, velocity and incidence angles of all the different size
particles in the mainstream capable of striking the target locations of interest, invoking the
abovementioned sticking (or 'rebound') laws at each such point to predict the corresponding
cumulative local deposition rate. However, by focusing our attention on the canonical geometry of
a circular-cylindrical target in cross-flow (Fig. 1) and introducing a modest number of defensible
approximations (Section 2.2) to summarize the predicted and measured deposition rates on the
solid surface of interest, we have shown that the tedious portion of such deposition rate predictions
can be carried out 'once-and-for-all', thereby reducing the engineering problem of predicting target
deposition rates, and the associated reduction in convective heat transfer rate, to that of multiplying
a readily calculated reference deposition rate by a set of 'universal' dimensionless deposition rate
functions calculated and reported here. Our reference deposition rate is that which would be
expected in the prevailing environment if all the mainstream particles had the mean size and were
captured upon impacting the target surface. For convenience, our results will be cast in terms of the
following dimensionless parameters: ratio of mainstream velocity to the critical velocity for particle
rebound from the solid surface, ratio of mean abrasive particle size to the threshold size required
for impaction on the circular-cylinder target in the prevailing flow environment, spread of the
mainstream particle size distribution (here assumed 'log-normal'), and the characteristic 'slip'
Reynolds number for the critical size particles in the mainstream. In this way we have shown that
many previously observed characteristics of fouling layers, including their frequently "lobular"
appearance (Fig. 3), can be understood theoretically . Conversely, our procedure could be
'inverted', if necessary, to make preliminary estimates of single particle capture behavior based on
deposition rate measurements made on a test circular cylinder in crossflow.

2.2 Principal Assumptions and Cases Explicitly Considered
To incorporate the essential phenomena in a simple manner without making unrealistic

idealizations we have made the following basic assumptions:

AI Local particleimpactionfrequencies,velocities,and angle-of-incidencecan be calculated with sufficient
accuracyfromrecentlyavailablecorrelationssummarizingthe resultsof individualsuspendednon-Brownianparticle
trajectoriescalculatedforsteady, inviscidflowpastanisolatedcircularcylindertarget, includingnon-Stokesiandrag
corrections(cf.Israeland Rosner,1983)(Fig. 1)

A2 Evenfor impactionon granulardeposits, singleparticlecaptureprobabilitylaws atparticularvelocitiesand
incidenceangles can be invokedto predict averagedepositionrates in engineeringapplicationswhere suspended
particlesof differentsizearriveovera broadrangeof impactvelocitiesandincidenceangles.

A3. 'Rebounding'particlesdonotappreciablyinfluenceincomingparticles,nor depositin appreciablenumbers
uponre-impactiononthe sametarget

A4 Predicted 'initial' depositionrate trends (spatialdistributions)determinedon an initiallysmooth circular
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cylinder target can be used to anticipatelonger time depositiontrends on inevitablyroughenedcylinders which
ultimatelydepartfromcircularshapedue tolocalizeddepositgrowth.

A5 The mainstreampopulationof suspendedparticles is approximatelylog-normalwith respect to particle
volumeand, while the particlemass loading,Op, in the mainstreammay not be very small, the volumefraction,
_p, correspondingto the totalparticlenumberdensityNp andmeanparticlevolume_ (ie,Cp=NpV")is negligible.

Subject to these assumptions, we have shown that actual local deposition rates at position 0
(Fig 1) can be expressed as the product of an easily calculated reference deposition rate, (DR)ref,

and a universal dimensionless function D_0,...) introduced, calculated(Section 2,2) and plotted
(Fig. 3) over the interesting range of mean suspended p_t,'ticlediameter (expressed as a multiple of
critical diameter required for inertial impaction in the prevailing environment) and a dimensionless
velocity ratio characterizing the rebound behavior of the panicles on the surface of interest. An
attractive feature of this formulation is that D, and its average value* D, can be calculated 'once-
and-for-all' via straightforward numerical quadratures in terms of an acceptably small number of
dimensionless parameters defining the system (application). We have shown (Rosner and
Tandon,1994) that the availability of these results dramatically simplifies the task of predicting
local and total deposition rates for, say, heat exchanger tubes in the cross-flow of ash-laden
combustion products. Moreover, .bYintroducing a modified (heat transfer coefficient-weighted-)
average value of D, designated Dh (Fig.4), we also dramatically simplify the prediction of the

associated convective heat transfer reduction.

2.3 Single Particle Capture Probability Laws and the Calculation of D(O,...)
In this work we have applied the micromechanical theor 3, of particle capture sticking

f,'action, s (which provides the functional form of s when particular projectile particles are directed
at particular target materials (including granular deposits) at a known velocity Vp and angle of

incidence 0 i (cf. the target outward normal) to predict local and total particle capture rates for a
cylindrical target immersed in a polydispersed suspension of such particulates. We considered
three distinct classes of single particle capture laws, as follows" constant capture fraction,
"on-off" (Fig.2a) capture behavior (expected on a 'clean' (particle-free) smoothe surface), and
capture by a 'granular' deposit (above the particle critical velocity, the sticking probability does not
fall abruptly to zero but, rather, exhibits an exponential 'tail' (see Fig. 2b).

The dimensionless local deposition rate function D(0} is explicitly given by the integral:

o,o

1.j,,,(,,.o B,.o). c. a,, fJ.)o

D(O)=
0

To complete the calculation of D(0,...) (see, eg., Fig. 3) we specify the three inertial impaction

functions: impact velocity:Vp{V,0)/U, angle-of-incidence (Fig.l) 0i(v,0) and the local_

dimensionless impingement frequency Tllocal{V,0)'. Our primary goal has been the mean value D
of D over the upwind-facing surface of the circular cylinder*.

*It is interestingto notethat D so definedis merely(2/rt)timesthe conventionallydefinedtotal capture(efficiency)
fraction, rlcapbasedon target'frontalarea' Rosner(1986, 1990).
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2.4 Associated Reduction in Convective Heat Transfer Rate
Because the principal reason for interest in deposition dynamics is the consequence of even

a thin deposit for heat transfer performance, we have derived the following interesting explicit
relation between fractional convective heat transfer reduction* and our local deposition rate

predictions.An important result of this derivation is the relevance of the (NUh(0)-'weighted'-)

integral: r/2

Dh - _. [ NUh(0)/ NUh(0) 1" D(0,...).d 0 (2,)
o

where the integrand contains me angular (position) dependence of the local convective heat transfer
coefficient. The relevance of Dh to heat transfer reduction is clearly understood when it is
recognized that equal thickness deposits will have greater effect on convective heat transfer if

located near the forward stagnation point region (where NUh(0;Re_ maximizes in the Re-range of

interest) than if located near 0----_2 radians (cf Figs. 1,3 ). We find that the fractional reduction of

convective heat transfer rate q' with time t on stream is given by:

[' 1....-A_' w __ I (DR)relY," k..._..g_g. "_Nuh(O}

(+:),_0
(3)

To summarize, our 'universal' results for D(0} and Dh , coupled with Eq.(3 ) and a rational

estimate of (1-<e>),k appropriate to the 'ash' deposit in question, could be used to predict thedep
time-on-stream corresponding to, say, a fractional loss of convective heat transfer rate of-

• I O!

Aq w/q w (10%, say). Under conditions where the deposits are not necesarily confined to the
forward stagnation region (eg., for impact/rebound on a bare surface at large values of

1/3_/v •) and U/V , then Dh is found to be noticeably smaller than Dcnt p,cr
Figure 3 is a representative polar plot of dimensionless deposition rates on the upwind

surfaces of the cylinder in crossflow for one of the sticking laws considered (Fig. 2). The
rebound parameter (UNcr(Vcr) is only 0.1 for the case (shown) of capture on clean solid surfaces

The calculated contours are for different values of dimensionless mean volume, _, defined as the
ratio of _" of the mainstream distribution and the critical particle volume, Vcrit. For the case of
capture on clean solid surfaces, an impacting particle is captured only if the normal velocity
component, Vp, n, is less than the size-dependent critical velocity, Vp,cnt..(v)..Therefore, as the
dimensionless mean size of the particles increases, a large fraction of these particles rebound in the

forward stagnation region but somewhat smaller particles are captured at larger angles, 0, leading
to the formation of deposits with off-axis 'lobes' (Fig. 3), which have been frequently observed.

Figure 4 summarizes representative resultsfor the function Dh needed topredict convective
heat transfer reductions (via Eq( 3 )). Trends for Dh are the same as those for D but, as expected,
there is a systematic decrease below D in those cases for which there is appreciable off-axis
deposition.

As shown in Rosner and Tandon (1994),a valuable byproduct of the present approach is
the ability to evaluate the local sensitivity of deposition rates to key system parameters, such as gas
velocity, mean particle size in the mainstream and target diameter. Our results indicate the presence
of interesting opposing tendencies .... for example, an increase in gas velocity increases the particle
impingement rate but also increases the fraction of impacts leading to rebound. Similarly, an
increase in target diameter would reduce the frequency of impacts but increase the likelihood of
capture upon each (lower velocity) impact. It is clear that an understanding of these 'tradeoffs' will
be necessary to evaluate the efficacy of rival strategies for reducing heat exchanger fouling rates.
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3. CONCLUSIONS AND PLANS
In closing, we remind the practically-minded reader that it should be possible to embrace

even phenomena which appear to be (explicitly) missing from our present analysis (eg., larger
particle capture effects associated with the simultaneous presence and capture of condensible vapor
and/or submicron (subcritical) particles (see, eg., Rosner and Nagarajan (1987), Rosner, G_ines
and Anous (1983)). For example, we would expect systematic shifts in the critical velocity for

particle rebound, Vp,crit(v), based on the relative amount of vapor and/or sub-micron (supercritical)
particle deposition. We propose that several of these more complex but often-encountered
situations be dealt with in future extensions and applications of the present 'baseline' analysis.

In comparing such deposition rate predictions with experiments, it should be borne in mind
that, for 'thick' granular deposits, the preliminary methods emphasized here donot yet incorporate
information on the microstructure and, hence, the void fraction of such deposits (see, eg.,
Tassopoulos, O'Brien and Rosner, Tassopoulos and Rosner (1988)). Thus, we know from our
ancillary studies that the local deposit thickness and associated local thermal resistance at any given
time on-stream are not determined only by the history of the local particle volume fluxes due to
impaction/capture.

Despite formidable complexities that remain to be overcome in the design and operation of
power plants utilizing a broad spectrum of ash-beating fuels, these recent methods and results are
indicative of the potentially useful simplifications and generalizations emerging from our current
fundamental research studies of suspended particle deposition mechanisms and their connection to
microparticulate deposit formation. Our long-range investigations should continue in each of the
underlying theoretical areas summarized above, as well as others beyond the scope of this brief
report (see, eg., Rosner et.al.(1992)). Our goal is to provide engineering designers with
significantly better "tools" for making rational assessments of ash deposition phenomena in
future, high-performance coal-fired equipment. It is hoped that this invited PUEC review will
accelerate this process via the requisite and timely exchange of R&D information among DOE
contractors.
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Fig. 1 Fouling of a heat exchanger surface (cylinder in Fig. 2 Single particle capture probability laws (particle
high Reynolds number crossflow) in response to the velocity dependence) considered (Rosner and Tandon,
arrival of impacting particles log-normally distributed 1994). Cases shown: capture on a clean solid surface; and
with respect to size. Particle capture fraction s taken to be incident particle capture by a granular deposit (after
dependent on incident velocity (Fig. 2) and angle 0i. Konstandopoulos, 1992)
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Fig. 3 Polar plot of the local dimensionless deposition Fig. 4 Upwind surface-averaged deposition rate function
rate for several values of the particle population size dictating convective heat transfer reductions (via Eq. 3 ).
parameter WVcrit; Cases shown: Threshold velocity for Dependence on mean particle size (volume) in the

critical size particle rebound equal to ten times the mainstream population for each class of particle sticking
mainstream velocity, U (after Rosner and Tandon, 1994). fraction law (Fig. 2). (after Tandon and Rosner, 1994)
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Introduction

The formation and build-up of slag deposits on heat transfer surfaces is one of the most
serious problems in pulverized coal combustion. This phenomenon, traditionally called wall slagging,
is known to cause undesirable effects on heat and mass transfer and in some instances induce

corrosion. Many empirical formulations based on silica percentage and acid/base ratio have been
developed in the past to describe the slag characteristics. Unfortunately, due to variation of several
factors such as flame turbulence, residence time, temperature distribution, gas velocity variance, etc.
within the boiler, these empirical formulations are of limited use in the prediction of the behavior
of the slag. Of even more importance, these formulations do not take into account the interaction
of the coal constituents within and immediately after the flame.

What is believed to be a major mechanism for the production of slag is the formation of low

melting eutectic compounds in the post combustion region, many of which will stick to the heat
transfer surface. The composition of this slag may very well change during operation as layers of
the slaggy material build up or break off.

An understanding of the chemical composition of such slags under boiler operating conditions
and as a function of the mineral composition of various coals is the ultimate goal of this program.

The principal constituents in the ash of many coals are the oxides of Si, A1, Fc, Ca, K, S, and
Na. The analytical method required must be able to determine the functional forms of all of thcsc
elements both in coal and in coal ash at elevated temperatures. One unique way of conducting these

analyses is by x-ray spectroscopy.

The Extended X-Ray Absorption Fine Structure (EXAFS) and X-Ray Absorption Near Edge

Structure (XANES) spectroscopic techniques and other applications to the chemical speciation of
coal combustion products have been described previously. J Therefore only a short summary will be
included here. The experiment involves scanning through the K- or L-shell absorption edge of thc
element in question. The structure of the absorption edge, consisting of transitions to unoccupied
molecular levels, can be compared to those of model compounds for identification. The relative
position of the absorption edge can yield information regarding the o:ddation state of the elemcnt.
This portion is the XANES portion of the spectrum. The EXAFS region, extending from about 60
eV above the absorption edge, represents scattering from neighboring constituents and can bc used
to determine the coordination number and coordination distance of a specific element from its

neighboring atoms.
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The best source of excitation energy for these experiments is an electron storage ring emitting
synchrotron radiation (SR). 2 The National Synchrotron Light Source (NSLS) at Brookhavcn
National Laboratory is a 2.5-GeV storage ring and emits a continuous spectrum of x rays to an
energy of about 30 keV. Beam line X-19A is dedicated to XANES and EXAFS and is being
adapted to the performance of this investigation.

The program involves a combined effort between the staff of the University of Kentucky, PSI
Technology, Inc., and Brookhaven National Laboratory. The principal recent effort has been the
design, construction, testing, and operation of an in-situ combustion cell.

Analysis of Iron Compounds

The chemical state of iron compounds has a significant effect on their stickiness under coal
combustion conditions. For example, the mineral pyrite is crystalline and relatively non-sticky.
Similarly, crystalline magnetite and hematite, the end products of pyrite oxidation, are crystalline and
non-sticky. Several intermediate products are molten, however. These include the sulfide pyrrhotite
and its oxy-sulfide derivatives, which may be either molten or solid, depending upon temperature and
extent of reaction.

During combustion, iron may also become incorporated into glassy aluminosilicate-derived
ash particles. Because glassy particles are often sticky, these particles may also deposit on and
adhere to available surfaces. In prior research conducted at PSI, particle stickiness has been shown
to be a function of particle viscosity. Thus, knowledge of the precise composition of iron-containing
glass particles is an important parameter in determining their viscosity and stickiness. In addition
to composition, the oxidation state of iron-containing glasses must also be known. For iron dissolved
in glass, the (+2) oxidation state results in a significantly lower viscosity than does the (+ 3) oxidation
state.

To understand and eventually predict the deposition or iron-containing ash particles, it is
therefore critical that the precise chemical state of iron at the point of encounter with an impaction
surface be known. XAFS spectroscopy is one technique useful for determining the chemical
speciation of iron. Typically XAFS spectroscopic analysis is conducted on a sample that has been
quenched and removed from the combustion process. While this provides valuable insight into the
possible states of iron, the possibility of quench-induced phase formation cannot be avoided.

In this program, an in-situ XAFS combustion furnace and measurement cell have been
constructed by PSI, U. Kentucky, and DAS personnel to permit measurement of the forms of iron
and other elements without the need for quenching and sample removal. This permits the state of
iron to be measured in deposit samples as well as in flowing ash particle stream. Changes occurring
over the duration of sampling--for example, oxidation of an oxysulfide sample sitting on a tube
surface--can also be detected.

Use of the in-situ cell also permits the effect of combustion conditions on the forms of iron
and other elements to be determined. For example, under staged reducing stoichiometries such as
those associated with low-NOx conditions, the oxidation rate of pyrite to magnetite will be slowed.
This may result in a longer duration intermediate melt phase, in turn leading to increased deposition
in a utility boiler.

Results of Furnace Runs

The in-situ combustion cell, designed to carry out in-situ XANES measurements of flyash
particles as well as ash deposits, is comprised of mainly two systems: (i) the control system and (ii)
the furnace system. The control system is contained in a cabinet on wheels and is composed of the
gas control system, the interlock system and the furnace controller. The furnace system is composcd
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of the preheater, the diffuser, the coal feeder, the furnace, the six-way cross, the ash collection
system, and the pump. The furnace system is separable into two sections each of which is on wheels
and can be moved in and out of the hutch at beam line X-19A at the NSLS. Figurc 1 shows a
schematic diagram of the furnace system. A full description is given in Reference (3).

The premier run of the system is reported in Reference (3). This report summarizes tile
results of runs in August 1993 and in March 1994. The data are taken at a deposition probe
simulating deposition at a heat transfer surface.

The following table indicates the experimental conditions for the in-situ experiments in our
August 1993 run.

Sample Feed Rate Furnace Temp. % 0 2 Substrate Temp.
(g./min) (°C) (°C)

i i i ill ii

Pyrite 1 1300 20 460
ii i illl ii ii,ll ii ii ii, i ii

Pyrite 1 1300 14 520
illl ii T i i i

Pyrite 1 1300 5 560
i ill ii ,ll ill i IMIII, ..-J

KY #9 2 1100 20 400
t ill i i,ii

KY #9 4 1300 20 480
i i, ii ....

KY #9 4 1400 20 500
i .....

KY #9 6 1500 20 650
ill i i ....

KY #9 6 1500 5 700
illll ill i i illl f i,ill i illl, ii" i i ii i illl

Pyrite Feed:

Figure 2 shows Fe K-edge XANES of deposit formed while pyrite was fed at 1 g./min feed
rate to the furnace at 1300°C. The deposition probe temperature was about 460°C. Air was used
for the primary air supply and for the pyrite feed stream. The initial deposit (bottom spectra in the
figure) showed less oxidation as compared to the outer deposit (middle spectra). Pyrite feed was
then stopped and hot air was allowed to pass over the deposit to monitor further transformations
in the deposit. After two hours of "aging," the XANES spectra of the deposit did not indicate any
further changes in the deposit.

Oxygen partial pressure was reduced to 5% by substituting nitrogen for feeder air and by
mixing nitrogen with the primary air. The bottom spectra in figure 3 shows Fe XANES of the
deposit collected at 1300°C furnace temperature and 5% oxygen partial pressure. Under reducing
conditions, pyrite does not oxidize completely but forms what may be an Fe-oxysulfide phase. The
pre-edge peak in the spectra indicates the onset of iron oxide phase formation. When the partial
pressure of oxygen was increased to 14%, the pre-edge peak was better defined. In fact, the
spectrum for 14% oxygen partial pressure is very similar to that collected at 20% oxygen partial
pressure (see figure 2).

Kentucky_#9 Coal Tailings Feed:

Feeder and feed line were emptied and cleaned to remove leftover pyrite and the feeder was
replenished with utility grind Kentucky #9 coal tailings. Since the coal tailings have lower iron
content than pyrite, the feed rate was increased and detector gains were optimized to improve the
signal to noise ratio.
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Figure 4 shows a series of XANES spectra collected at 20% oxygen partial pressure and at
varying furnace temperature settings. "I"hespectra are quite similar to each other, but show subtle
differences in the pre-edge feature. The spectrum is also similar to that of the deposit obtained
when pure pyrite was fed to the furnace.

Figure 5 is a comparison between XANES spectra obtained for Kentucky #9 coal tailings
under oxidizing (20% O) and reducing (5% O) operating conditions at 1500°C furnace set point.
Just like pure pyrite feed (figure 3), at lower oxygen partial pressures, iron does not completely
oxidize but appears to be incorporated in an oxide-sulfide mixture. This phase is quite sticky and
easily forms an initial deposit. During this experiment, a substantial amount of this highly viscous
slag phase was deposited in the alumina retort and pluggcd up the ash stream concentrator at the
bottom of the furnace. At longer residence times, cvcn under reducing conditions, this slag
transformed into a very tenacious deposit and was impossible to remove.

An in-situ combustion XAFS experiment was performed at the beam line X-19A of the NSLS
during March 23-29 1994. The following is a summary of the results of the experiment.

Experimental Matrix

In order to achieve a uniform feed rate and to facilitate complete combustion, Pittsburgh #8
(Blackville #2) coal was sieved to < 75 _ size fraction and this fine fraction of coal was used for
the combustion experiment.

The following experimental matrix was set up to observe the effect of variation in the
stoichiometric ratios and temperatures on the ash deposit formation. The coal Iced rate was
maintained at one gram per minute for all experimental conditions. Though the furnace is designed
to handle one SCFM gas flow, the flow rate was reduced to increase residence time and to acl4icvc
complete combustion. The output oxygen concentration was measured at one of the ports of the 6-
way cross with an oxygen analyzer. The accuracy of the analyzer was reported to be __.1%.

i, i i ii ,ill ii i illlli ,i i ii , i i i iI .... ii ii .... i

Stoichiometric Total Gas Preheated Gas Feeder Gas Input O2 Out!,putO2Ratio Flow Flow Flow t.,onc, t..onc.
(Calculated) (Calc.) (Measured)

ii, ,i illl , i • i i i

SCFM Air Air %
SCFM

Furnace Temp. Setting - 1300°C

2.45 0.75 0.6 0.15 21 15
b t

0.9 0.5 0.27 0.03 0.2 11.5 5
ii i ,i

0.7 0.5 0.3 0.2 9 3.2

Furnace Temp. Setting - 1400°C

1.6 0.5 0.3 0.2 21 12.5
i • i i i

0.9 0.5 0.27 0.03 0.2 11.5 1
i i ..... i........ 1

0.7 0.5 0.3 0.2 9 1.5
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]_ittsh,u._h #8 Feed

Figures 6 and 7 show Fe K-edge XANES of Pittsburgh #8 coal deposits obtained for furnace
temperature settings of 1300 and 1400°C respectively. The coal feed rate was maintained at one
g/min. The XANES spectra for all six of the conditions studied appear similar. The spectra indicate
presence of iron oxide and iron in aluminosilicate glassy phase.

Several times during the experiment, we noticed an increase in the differential furnace
pressure drop indicating a blockage to air flow. Usually, this was due to clogging of the Balston filter
used as fine ash trap. Some char from this ash trap was analyzed later for carbon content. Even
for the highest stoichiometric ratio (2.45) we noticed substantial (about 50%) carbon content in the
ash. This suggests that the combustion is incomplete in all the eases and the combustion conditions
remain reducing for all the eases. We have to increase residence time to force complete combustion
and to truly achieve the desired stoichiometrie ratios.

Discussion

The data are being further analyzed for journal publication. At this stage the results illustrate
the feasibility of _he technique for obtaining in-situ information on combustion ash deposition
composition.
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Figure 5. Fe K-edge XANES of in-situ deposit of Kentucky #9 coal at 1500°C under oxidizing and reducing
conditions.

Figure 6. Fe K-edge XANES of Pittsburgh #8 coal Figure 7. Fe K-edge XANES of Pittsburgh #8 coal
deposits obtained at different stoichiometric ratios, deposits obtained at different stoichiometric ratios.
1 g/rain coal feed rate at 1300°C furnace setting. 1 g/rain coal feed rate at 14000C furnace setting.
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1. Objectives and Approach

This project is designed to examine the effects of combustion stoichiometry on the
fundamental aspects of ash formation and ash deposit initiation. Emphasis is being placed on
reducing stoichiometries associated with low-NOx combustion, although a range of oxidant/fuel
ratios are being considered. Previous work has demonstrated that ash formation depends strongly
upon coal mineralogy, including mineral type, size, amount, and the presence of organically
associated inorganic species. Combustion temperature and the oxidation state of iron also play a
significant role. As these latter items will vary with changes in stoichiometry, research to
determine the net effect on deposition is required.

To achieve these goals, a research program with the following technical objectives is
being pursued:

(1) identify the partitioning of inorganic coal constituents among vapor, submicron fume, and
fly ash products generated from the combustion of pulverized coal under a variety of
combustion stoichiometries.

(2) identify and quantify the fundamental processes by which the transformation of minerals
and organically-associated inorganic species occurs. Identify any differences from
standard excess air pulverized coal combustion conditions.

(3) modify, to incorporate the effects of combustion stoichiometry and based on the
understanding developed in (1) and (2) above, an Engineering Model for Ash Formation.
The previously developed model is capable of predicting the size and chemical
composition distributions of the final ash products under standard pulverized coal
combustion conditions of 20% excess air. These modifications will extend the model to

include phenomena that may be dominant under a broad range of stoichiometries.
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Experiments, sample analyses, and modeling are being conducted at several facilities as
part of this program. Detailed coal and ash sample analysis using M6ssbauer spectroscopy,
X-ray absorption fine structure spectroscopy (XAFS), and computer controlled scanning electron
microscopy are being carried out at the University of Kentucky (UKy). Small-scale drop tube
combustion tests using size and density classified coal samples are being carried out at the
Massachusetts Institute of Technology (MIT) to determine the extent of mineral coalescence and
inorganic vaporization as a function of combustion stoichiometry. Combustion experiments
utilizing utility grind coals are being conducted at PSI to examine the effects of stoichiometry on
mineral interactions. Deposition experiments using ash generated from combustion experiments
and using pure minerals are also being conducted to investigate deposit initiation as a function of
combustion conditions. PSI's Engineering Model for Ash Formation (EMAF) is being modified
to include effects of combustion stoichiometry as part of this effort. Self-sustained pilot scale
combustion experiments are being conducted in the University of Arizona (UA) 100,000 Btu/h
facility to address issues of scaling in combustion processes. The interaction of iron with
aluminosilicates as a function of changing combustion conditions will be the focus of this effort.
Modeling of iron-aluminosilicate interactions is being conducted as part of the UA study.

2. Coal Selection and Characterization

Four U.S. coals will be studied during this program: 1) Black Thunder sub-bituminous
coal from the Powder River Basin, 2) a run-of-mine Pittsburgh #8 bituminous coal from the
Appalachian Basin, 3) a washed commercial version of a Pittsburgh #8 coal obtained from
DOE/PETC, and 4) a physically beneficiated product produced from Pittsburgh #8 coal. One
additional coal may be obtained from Great Britain as part of a collaborative effort with a
program led by the utility Powergen. Ultimate, proximate, and ash chemical analyses for the
U.S. coals are reported in Table 1. CCSEM analyses are summarized in Table 2, and M6ssbauer
data are summarized in Table 3.

3. Effect of Carbon Content on Ash Particle Stickiness

One of the important questions to be answered in this work is the effect of sub-
stoichiometric combustion conditions on ash deposition behavior. One of the effects of
substoichiometric conditions is the presence of residual carbon and unoxidized, or only partially
oxidized, pyrite in the ash. Experiments have been performed at PSI to explore the effect of
these components on ash stickiness. These experiments focused on the stickiness of ash particles
at short residence times. Although the experiments were all carried out under fuel lean
conditions, the presence of carbon and partially oxidized pyrite in the ash at short residence times
is similar to that obtained by combustion of the coal under reducing conditions.

For these experiments the coal, washed Pittsburgh No. 8 (DOE), was fed at 0.6 g/min into
an entrained flow reactor described elsewhere (Helble et al., 1992). To control the fractional
conversion of pyrite and the amount of carbon in the ash, the residence time was varied between
0.25 and 2.9 seconds by varying injection probe location and gas flowrates.
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Table 1. Proximate, Ultimate, and Ash Analysis of Coals

Pittsburgh #8 Pittsburgh #8 (DOE) Pittsburgh #8 (SCS Black Thunder

(_Run-of-Mine) ...... Cleaned) . "''-'""_uNt.,E ._R_)

As Moisture As- Moisture As- Moisture As- Moisture
received free received free received free received free

,, , ,,
Ill 11 l Ill III lII Il l IIIIII I I II IIII II II II

Proximate Ana.!),sis ........................

Moisture 2.00 ! .40 - 2.00 - 24.30 -

Volatile 30.76 31.40 36.85 37.36 36.37 37.13 35.89 47.42
Matter

Fixed 40.09 40.88 54.27 55.06 56.42 57.55 35.32 46.64
Carbon

Ash 27.15 27.72 7.48 7.58 5.21 5.32 4.49 5.94
,, ,, , ,..,,

Ultimate Analysis .......

C 57.16 58.35 77.05 78.11 77.22 78.83 52.84 69.83

H 4.00 3.86 4.79 4.70 5.51 5.39 7.04 5.73

N 0.98 1.00 1.39 1.41 1.37 1.40 0.70 0.92

O (ind) 8.43 6.76 7.40 6.27 8.98 7.33 34.54 17.07

S 2.28 2.32 1.89 1.92 1.71 1.74 0.39 0.51
|, ., , ,,, ,,,,

Btu/lb 10, .f_,0 , -- 13,560 -- 13,900 -- 9,620 --

Ash Analysis ..................

SiO2 54.82 46.81 42.7" 32.57

AI203 23.06 25.03 25.2 16.81

Fe203 10.52 14.76 20.8 5.69

CaO 3.48 4.80 2.8 22.09

MgO 2.26 1.71 1.0 4.79

Na20 0.50 0.94 0.1 0.93

K20 1.74 1.02 1.3 0.15

TiO2 0.87 0.72 1.4 I. 11

P20_ 0.13 0.19 0.4 1.17

SOa 2.63 4.02 2.6 14.69

"Analysis of ABB/CE bulk sample.
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Table 2. CCSEM Analysis of Program Coals (Wt%)
,,

Pittsburgh #8 Pittsburgh #8 Pittsburgh #8
_Run-of-Mine) _DOE) tSCS Cleaned) Black Thunder

i I i iiiiiiii i iii I I i

Quartz 22 9 6 27

lllite 22 9 10 2

Kaolinite 6 4 7 14

Pyrite 12 27 21 2
Calcite 2 3 0 <1

Mixed Carbonate 4 6 < 1 < 1

Misc. Silicates 23 19 18 24

Other 9 23 38 3!

Area % <.!01am 40 27 47 24 ........

Table 3. M6ssbauer Analysis of Coals (% of Fe in given phase)

M6ssbauer Iliite Ferric
Sample Pyrite Siderite Jarosite

File (Cla) ,) .Sulfate (?)i ii iiiiiii ii -_J] II IIII III III I I III II I I II I I I II

MK 1695 Pittsburgh #8 75 11 !4
(Kaiser)

MK 1698 Pittsburgh #8 90 8 3
(DOE)

MK1697 Pittsburgh #8 34 7 22 37
(SCS)

, i

MK1736 Pittsburgh #8 59 41
(SCS) [H20
Washed]

MK 1699 Black Thunder 100"

"Weak signal; CCSEM and chemical fractionation indicated approximately 50 to 60% iron as carbonate.

At each of the residence times considered, ash deposition tests, similar to those described

elsewhere (Helble et al., 1992) were performed. The particle velocities at the point of impaction

were kept constant at 1 and 5 m/s and gas temperature at the deposition probe surface was kept

constant at approximately 1390°C. Ash samples were also collected using a nitrogen quenched

probe and were subsequently analyzed for carbon content to determine the fractional burnout at

the point (residence time) of deposition. Experiments are also being performed to collect ash

samples under the same conditions for iron analysis by M6ssbauer spectroscopy.

In Figure 1, data showing both the fraction of fixed carbon remaining and the ash

collection efficiency are plotted as a function of time. The fixed carbon remaining was
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100 calculated using the

90- • proximate analysis
• FixedC Remaining for this coal and

8o- +
+ Collect. Efficiency assuming that

•.. 70,- + devolatilization was

60 _ . complete. ThisQ --F +

a. 50 + parameter was used

40 to determine the
30 fractional char

• burnout. From the

20 plot we can see that
10 + • the collection

0 '.5 efficiency, (defined
0 0'.5 1 1 2 215 3 as the fraction of

ResidenceTime(s) particles that
Figure 1. Burnout and stickiness comparison (washed Pittsburgh #8 traverse the tube

(DOE)). flow cross-section,

impact, and stick)
increased between 0.25 and 0.40 seconds, with a maximum occurring at approximately 1 second.

The collection efficiency continued to increase substantially after burnout was essentially
complete (0.55 second). These data suggest that although high carbon contents (greater than
70%) in the ash may decrease ash stickiness, carbon plays at most a secondary role in ash
stickiness. Pyrite oxidation, on the other hand, may cause the observed increase in stickiness due
to the prolonged melt phase present during oxidation. The subsequent reduction of ash stickiness
seen in Figure 1 may be caused by the oxidation of iron in glassy ash particles.

4. Effect of Iron Oxidation State on Ash Particle Stickiness

In order to better understand the effect of reducing conditions on ash deposition

characteristics, a number of experiments are being conducted to measure the stickiness of glassy
iron- containing ash particles as a function of iron oxidation state. Initial experiments were
conducted in an atmosphere of 100% nitrogen at gas temperatures ranging from 900 to 1400°C.
Ash particle collection efficiencies (on ceramic substrates that were assumed to be in thermal
equilibrium with the surrounding gases) ranged from 50 to 60% at the highest temperature to 10
to 20% at the lowest temperature. Changing the gas composition to either 20% oxygen in
nitrogen or 100% oxygen resulted in a significant decrease in collection efficiency at the highest
temperatures. This is shown in Figure 2 for particles with an impaction velocity of 5 m/s; similar
trends were observed for particles impacting the tube surfaces at 1 m/s. In either case, little
difference between experiments conducted under 20% oxygen and those conducted under 100%
oxygen was observed. From these initial experiments, it appears (1) that glassy ash particles
containing iron in the (+2) oxidation state are stickier than those containing iron in the (+3)
oxidation state and (2) that the oxidation of Fe.2 to Fe .3 in 20 to 80 lam ash particles occurs to the
same extent in 20% and 100% oxygen at temperatures greater than 1000°C.
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illl.oo ' FormsInSituXAFSMeasurement °fChemiCaofAshCompounds,_, ,, 0%oxygen(_p_,2> PSI and U. Kentucky have developed and
g' built a drop-tube furnace to be used for in-situc 50
® XAFS measurements of reacting coal and ash"0

40 streams. It is designed to be separable into top
t-.o and bottom sections so that it can be wheeled into

"_ 3o the experimental hutch at the Brookhaven
"_ National Synchrotron Light Source ando 20

reassembled. The drop tube furnace is designed
10 gig Ii for one standard cubic foot per minute (scfm)

_-'- ..... O"..... --_ total gas flow and one to 10 g/min of reactant0
0.6 0.65 0.7 0.75 0.8 o.85 0.9 0.95 feed rate. The input gas can be a mixture of two

Temperature (l/K) x 1000 gases (nitrogen and oxygen) to produce varying

Figure 2. Collection efficiency for iron- oxidizing/reducing combustion conditions.
containing glass particles as a function of About 80% of the total gas flow (primary air) is
temperature and oxygen partial pressure preheated to about 900 K before being injected to

a diffuser, while the remaining 20% of gas flow is
used to entrain the utility grind reactant (coal or

mineral) from the auger feeder. The diffuser, at the top of the furnace, is designed to thoroughly
mix the primary and feeder air and to distribute the solid particles uniformly across the entire
flow cross sections in the alumina retort of the furnace. The 30-in. long, 3-in. i.d. alumina retort
is electrically heated to achieve up to 1750 K wall temperature with a constant temperature zone
of 20 in. At 1 scfm gas flow rate and 1500 K gas temperature the residence time of coal particles
is about 1 s which is sufficient to achieve complete combustion of most coal particles. A conical
ceramic venturi at the exit of the

furnace reduces the outlet gas stream AshStreamfrom

diameter from 3 to 1 in. diameter Transmitted Drop TubeFurnace
before it enters the X-ray section of X-RayBeam
the facility. _7

Figure 3 is a cut-away view of
the analysis section which consists of
a six-way cross designed to allow the AshDeposition Probe
X-ray beam and the detectors full
access to the combustion product
stream. Preliminary experiments
using pyrite and Kentucky #9 coal

were conducted during August 1993 -_ Incident X-Ray BeamFluorescence Detector =:=
with this facility. Additional tests are
tentatively scheduled for March and _ To AshCollection
July 1994. _/ Devicesand Exhaust

Figure 3. Cut-away view of six-way cross used for
in-situ XAFS observation of ash stream and ash

deposits
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6. Engineering Model for Ash Formation - Developments

The Engineering Model for Ash Formation (EMAF) predicts the size and composition
distributions of fly ash particles resulting from pulverized coal combustion. The input
parameters for this model are divided into three categories: coal information, mineral
information, and bulk ash information. Switches within the model permit char combustion,
including the formation of char cenospheres (bituminous coals), and composition-dependent
coalescence of individual mineral types to be considered. By affording fundamental control over
the mechanisms of char combustion and mineral coalescence, the model can be used for a wide
array of coal and mineral types. To date, it has been used with great success to predict ash size
and composition distibutions. Recent efforts comparing model predictions with field data are
described herein.

Two calculations were performed for a bituminous coal - one assuming cenosphere
formation and one without. In the initial simulations (Figures 4), it was assumed that the coal did
not swell during devolatiiization. The mineral coalescence was divided into three different
categories: "Full Coalescence" (all minerals coalesce), "Partial Coalescence" (selected minerals

do not coalesce), and "1 Ash Per
Mineral" (no minerals coalesce).
The minerals not allowed to

10o , , , ....... coalesce under the "Partial

Coalescence" category, quartz
and mixed carbonates, were

80 - ///_-EMAF: Full Coalescence - selected based on the mineral'- composition and their known
_ EMAF: Part Coalescence

behavior in combustion systems.
60 ----- EMAF: 1 Ash PerMin. -

For example, pure quartz has a_J

ESP1Ash(CCSEM) very high melting point and

E 40 Full Coalescence therefore would not likely form
_ viscous melts to coalesce with>

other minerals. Illite, with a

20 / lower melting point, would be
¢

more likely to melt and coalesce.

0 , _.... , , , , As seen in Figure 4, the EMAF
0 5 10 15 20 25 30 35 40 predictions for "Partial

Diameter (I.tm) Coalescence" agreed fairly well
Figure 4. Ash PSD: model versus field data, no with the PSD for ash sampled
cenosphere formation from the first hopper of an ESP.

The second set of simulations were performed assuming the bituminous coal was a
swelling coal. For this set of simulations, the coal was assumed to swell and form cenospheres
during devolatilization. Only the "Full Coalescence" and "Partial Coalescence" categories
described above were included. Results from the second set of simulations can be seen in Figure
5. The "Full Coalescence" case with cenosphere formation is very similar to the "Partial
Coalescence" case without cenosphere formation. This suggests that not all of the minerals in
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each coal particle coalesce - either due

100 .....' ' ' _ to cenosphere fragmentation, or limited
t_ I melting of some minerals.

80-
,- 8. Future Efforts

60 - During the year of this (two...I

year) program, detailed experiments
® with the four program coals areE 40
"_ planned. In addition to a continuation>

of the study of particle deposition
20 described herein, experiments will

address particle formation, including a
study of the rate of iron oxidation and

0,, l I J J n

0 5 10 15 2_0 2L5 30 35 40 iron-aluminosilicate interactions. Using
Diameter (i.tm) CCSEM and Mossbauer, analysis of the

Figure 5. Ash PSD: model versus field data, ash particle chemical composition
cenosphere formation, distributions as a function of

combustion stoichiometry will also be
undertaken. Finally, additional in-situ XAt _imeasurements of iron and calcium behavior will be
made in conjunction with the National synchrotron Light Source to assess for form of selected
elements at elevated temperatures in flowing ash streams.
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PROJECT OBJECTIVES AND DESCRIPTION

The objectives of this research project are (1) to provide a self-consistent database of
simultaneously measured, time-resolved ash deposit properties in well-controlled and well-
defined environments and (2) to provide analytical expressions that relate deposit composition
and structure to deposit properties of immediate relevance to Combustion 2000 programs. This
project is distinguished from other projects in the same research area by: (I) the development and
deployment of in situ, diagnostics to monitor deposit properties, (2) the time resolution of such
properties during deposit growth, (3) simultaneous measurement of structural and composition
properties, (4) development of algorithms from a self-consistent database that includes the
interdependence of properties, and (5) application of the results to technologically relevant
environments such as those being planned under the Combustion 2000 program. The deposit
properties of principal interest in this project include the heat transfer coefficient, porosity,
emissivity, tenacity, strength, density, and viscosity.

This multi-year project began in October of 1993 and work on several of the subtasks is not
scheduled to begin until later in the project. Recent results for those subtasks that are currently
being pursued are discussed below. The six subtasks involved in this project include:

Subtask 2.1 Diagnostics for Coal Combustion Environments

Subtask 2.2 Experimental Determination of Transport, Thermal, and Structural Properties of
Ash Deposits

Subtask 2.3 Analysis of Deposit Properties

Subtask 2.4 Chemical Reactions in Deposits

Subtask 2.5 Application to Combustion 2000 Program

Subtask 2.6 Documentation
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BACKGROUND

Mineral matter in coal is cited as "the nemesis of coal-burning industries" and as playing "the
dominant role in fuel selection, in setting the design and size of the furnace, and in establishing
how that boiler furnace will be operated" [Raask, 1985]. However, the fate of mineral matter
during pulverized coal combustion is relatively poorly understood, despite this importance to
coal conversion systems. Significant progress in past years has been made through large
measure because of PETC-sponsored research describing transformations of inorganic material
during combustion. This new research project focuses on ash deposit formation and the
development of deposit properties.

This research project supports the overall DOE mission of nurturing the effective and efficient
use of national energy resources. It also supports the specific objective of the PETC mineral
matter program to develop qualitative and quantitative understandings of mineral matter
transformations in environments typical of pulverized-coal combustors and to incorporate these
into tractable, mechanistic models. Major aspects of the project are designed to support DOE's
Combustion 2000 program.

RECENT PROGRESS

This report focuses on one aspect of work performed under Subtask 2.1. A specific series of
tests on two coals were conducted to demonstrate the use of advanced diagnostics to resolve
deposition mechanisms chemical transformations on surfaces. The work being performed under
this project enjoys the collaborative contirbutions from many people. All of the work reported
here was performed at Sandia, much of it by Galen Richards as part of his doctoral research
program at Brigham Young University. Galen's advisor is Dr. John Harb. Other significant
collaborators include Everett Ramer (PETC), Peter Bernath (Univ. of Waterloo), B.ryan Jenkins
(UC Davis), Murray Abbott (CONSOL), Larry Dora (NIPSCO), and Terry Wall (Univ. of
Newcastle).

Fuel Properties

The relevant properties of two coals for which specific results are illustrated in this paper are
summarized in Table 1. They originate from reasonably close proximity in the Powder River
Basin and have generally similar properties. The analyses indicated in the table are based on the
supply used in the MFC during these tests. The average composition reported by the mines and
by other researchers are even more similar to each other than these samples. Of particular
importance in this study are the sulfur contents, silica to alumina ratio, sodium content, and
calcium content. In all cases except calcium content, these properties are within expected
sample-to-sample variation of one another when compared for the two coals. The calcium
contents are also similar, although not within measurement uncertainty.

Despite these similarities, these two coals exhibit significantly different ash deposition behavior
during combustion at both commercial and laboratory scales, even when tested in the same
equipment under nominally identical combustion conditions. Traditional indices of ash behavior
are based on algebraic combinations of elemental analyses. For two coals as similar as these, all
of the traditional indices predict similar ash deposition behavior. The observations of
significantly different behavior in the field and in laboratory tests indicates that the traditional
indices, while valuable, are insufficient to capture the subtleties of ash deposition behavior.
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Table I

Proximate, ultimate, heating value, and ash analyses of the coals used in this investigation.
Proximate and heating values are reported on a dry, ash-free basis.

....."..............'"_" '.......'"' ........ ........ Black....... Ash"Oxid'e .... ' ......'"'_''Blac'k "
Antelope Thunder Antelope Thunder

Moisture (%) 22.9 21,3 SiO2 25.03 30.31
Ash (% dry) 5.51 6.46 A1203 11.36 16.27
Proximate (% daf) Fe203 8.18 5.04

FC 54.2 42.0 TiO2 0.66 1.27
VM 45.8 58.0 CaO 28,88 21.07

Ultimate (% daf') MgO 5.60 4.74
C 72.4 74.8 Na20 1.57 1.41
H 5.2 5.4 K20 0.25 0.35
O 20.9 18.3 P205 0.81 0.91
N 1.1 1.0 SO3 17.65 17.46
S 0.42 0.48 undeter. 0.01 1.17

Heating Value
(daf- Btu/lb) 13562 13119

i ilnnl T i ii I I Illl I ?L _5 _ : _ _ iii iII I [ i i ]1 iiiiiiii] i i iiiI I_ .....

Experimental Results

Experiments were conducted in Sandia's Multifuel Combustor (MFC), using an ash deposition
probe and a Biorad FTS40/60 FTIR spectrometer. This equipment and its use is described
elsewhere [Baxter, 1993; Baxter, et al., 1993].

Figure 1 illustrates recently analyzed [Baxter, et al., 1993; Richards, et al., 1994 (in press);
Richards, et al., 1994] FTIR spectra during ash deposition on the probe in the MFC. A series of
three spectra are indicated, with the initial spectrum offset by a value of 0.4 along the ordiante so
that it is conveniently displayed witht he subsequent two spectra. In addition to the initial
spectrum, on spectrum collected 10 minutes into the ash deposition process is indicated, with a
second spectrum collected at 30 minutes.

In these spectra, the development of prominent features in 1075-1175 cm-I region is prominent.
This region of the spectrum includes contributions from silica, silicates, and sulfates. The S-O
stretch of the sulfate cation contributes to the signal predominantly at the high wavenumbers.
(Similar silica vibrations contribute around 1 I00 cm-l.) There is some influence of the anion in
the suflate salt on the frequency of this vibration. This shift in vibration frequency (or energy)
offers the potential to determine which sulfate species are predominantly contributing to the
spectrum. In our past reports we have illustrated cases where the features associated with
different sulfates are clearly separated. In the spectrum below, the features overlap significantly
and assignment of specific sulfate species to the features is more difficult. Qualitatively, we
expect the spectral ieatures to shift to higher wavenumbers as the sulfates change composition
from sodium-based to calcium based. The shift is expected to be of order i0-15 cm-! The
spectra shown in Fig. 1 are consistent with this interpretation.

The features at lower wavenumbers are associated with alumino-silicates. These, too, are
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influenced by anions such as sodium, potassium, and calcium, that are bound to the SiOx

backbone. Many alkali-aluminosilicates have features in the region between 1050 and 900 cm-I.
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Figure 1 Spectral emissivity of deposits formed from the Black Thunder coal as a

function of time during the early stages of deposition. Spectra indicate
substantial increase in silica and sodium-based sulfates (note that initial

spectrum is offset by 0.4) during the first 10 minutes of deposition. The

more subtle shift in prominent spectral features to higher wave numbers

with increasing deposit accumulation time is indicative of transformation

of sodium-based sulfates to calcium-based sulfates. Similar spectra were

observed for the Antelope coal.

Figure 2 illustrate similar data over a broader wavelength region and over longer deposition time
for these two coals. The essential features of the data that are germane to this discussion are that
while both deposits contain significant sulfate and silicate material, the Antelope coal shows
greater evidence of sulfate formation, whereas the Black Thunder coal shows greater evidence of
aluminosilicate formation.
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The substantially larger concentrations of sulfates in the Antelope deposits as compared to the
Black Thunder deposit has been verified several ways. Table 1 indicates the elemental
composition of the deposits formed from both coals, together with the composition of the ash
generated from the fuel. The substantial differences in composition indicated by the FTIR
emission spectroscopy are also evident in the overall composition (note sulfur silica/alumina in
deposits, for example). More detailed analyses using SEM images [Richards, et al., 1994 (in
press)] confirms the presence of calcium and alkali sufates on surfaces of the probes and
particles. The extent of sulfation is much higher for the Antelope coal than for Black Thunder
(especially on the probe surface).

ii i

Table 2

Ash elemental analyses for the coals and deposits discussed in this investigation, expressed
as percent of total ash.

Coal Ash Deposit
Ash Oxide Antelope Black Antelope Black

Thunder Thunder

SiO2 25.03 30.31 28.51 43.83

A1203 11.36 16.27 11.45 16.51
TiO2 0.66 1.27 0.75 1.59
Fe203 8.18 5.04 10.23 6.05

CaO 28.88 21.07 33.1 23.5

MgO 5.6 4.74 6.18 4.92
K20 0.25 0.35 0.31 0.21
Na20 1.57 1.41 1.3 0.39
SO3 17.65 17.46 5.17 1.71
P205 0.81 0.91 1.64 1.16
undetermined 0.01 1.17 1.36 0.13

i

Conclusions

FTIR emission spectroscopy was applied to deposits generated from similar coals to determine
the composition and mechanisms of ash deposition. Two coals that are similar in elemental
composition, but different in their ash deposition characteristics when tested at commercial scale,
were used in these tests. The two coals were determined to form deposits that differed in the
relative sulfate and silicate compositions. Sulfates were shown to shift from sodium-based
compounds to calcium-based compounds as ash deposits grow in both coals. Sodium-based
sulfates form through condensation mechanisms on the surface of the probe, followed by
sulfation with gas-phase sulfur. Calcium-based deposits form by sulfation of calcium oxide
particles after their deposition, by impaction, on the probe surface.

The differences in deposit chemistry and the mechanisms of deposit formation are supported by
SEM images of the deposits and by elemental analyses of the ash. SEM images show that
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sodium sulfates are concentrated on the probe surface, whereas calcium sulfates form on the
surface of calcium-oxide particles. Elemental analysis of the deposits of the two coals supports
the significantly different amount of sulfation in the two coals, with one deposit showing sulfur
concentrations that exceed that of the other coal by a factor of 3.

These data provide definitive indications of the differences in the deposit chemistry and growth
mechanisms. Pilot-scale facilities were able to successfully create conditions sufficiently similar
to full-scale operation that the differences in deposit morphology, chemistry, and growth
mechanisms could be studied. As a whole, this study illustrates the necessity for comlementary
information to the ASTM analyses to understand ash deposit formation in coal combustors.

FUTURE PLANS

Further development and validation of the FTIR emission diagnostic will be completed this year.
Also, development of in situ diagnostics for determining the concentration of inorganic vapors in
combustion environments will be initiated. Summary reports on release mechanisms and
fragmentation will be produced this fiscal year. In future years, fundamental relationships
between deposit morphology, chemistry and transport properties will be pursued both
theoretically and experimentally.
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THE PHYSICS OF NON-NEWTONIAN LIQUID SLURRY ATOMIZATION
PART2: TWIN-FLUID ATOMIZATION OF NON-NEWTONIAN LIQUIDS
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DEPT OF MECHANICAL ENG. CARNEGIE MELLON UNIV.

PITTSBURGH, PA. 15213
ABSTRACT
The changes in the physical processes of atomization as a result of adding a high molecular weight
polymer in low concentrations to liquid have been studied. Both Newtonian and non-Newtonian
liquids were investigated with particular emphasis on the non-Newtonian rhea)logical characteristics.
It was found that viscoelastic liquids are much more difficult to atomize than viscoinelastic liquids.
Viscoinelastic liquids showed a breakup behavior similar to that of water sprays. Viscoelastic
materials showed remarkably different breakup patterns. The ligaments were seen to undergo a very
large stretching motion before they breakup, resulting in long threads of liquid attached to droplets.
The normal stresses developed in viscoelastic materials are much higher than their associated shear
stresses. Consequently, the development of the large normal stresses appears to be the most important
rheological mechanism that inhibits breakup.

INTRODUCTION
Airblast atomization of viscous non-Newtonian liquids is carried out using a co-axial twin-fluid

atomizer [1]. As the atomizing air interacts with the liquid jet downstream form the nozzle exit, waves
form on the surface of the liquid jet. As a result, the liquid jet sheds ligaments which rapidly collapse
into droplets. The atomized drop sizes can be described in terms of three dimensionless groups,

namely the liquid/air mass ratio (MI/Ma), Weber (We = pgDUg2/a) and Ohnesorge (Z =l.tl/(plaI3)l/2)
numbers in simple forms whose exponents and coefficients are determined by least squares fit to the
experimental data. A phase Doppler particle analyzer was used for the determination of particle size
and velocity. A digital spray analyzer was used for die-swell measurements. The Non-Newtonian
liquids selected for the experiment were aqueous solutions of Xanthan gum (supplied by Aldrich
Chemical Co.) and Polyacrilamide El0 (supplied by Allied Colloid Co.). Tests were performed on
0.05, 0.10, 0.15, 0.20, 0.30% concentrations by mass for the Xanthan Gum polymer, and 0.0125,
0.025, 0.05, 0.1, 0.15, 0.30, and 0.50% concentrations by mass for the Polyacrilamide El0.

RHEOLOGICAL MEASUREMENTS
Shear Viscosity Measurements The rheology of the polymeric solutions was modeled by the
Power Law Model.

't'= kl _nl _ (1)

where x is the shear stress, _ is the shear rate, n is the power law index and k is the consistency

index. Viscosity measurements at low sheac rates (1_ < 13.4 s-1) were performed using the Brook.field
viscometer. To obtain viscosity data at higher 5hear rates ( _ > 13.4 s'l), capillary tube viscometers
were used. A large and small capillary tube were operated in the range of shear rates, 10 < 8V/D <
2000 s-1 and 1800 < 8V/D < 20000 s-l, respectively. In order to eliminate the errors associated with
the velocity adjustment region in the entrance and exit of the capillaries a differential pressure
measurement system was utilized. A highly accurate differential pressure transmitter was used to
obtain the pressure drop across two points on each capillary tube. The large and small tube diameters
were 4.39 mm and 1.80 mm, with a length to diameter ratio of 80 and 189, respectively.

The apparent viscosity data for the Xanthan and El0 solutions is shown in Figs 1 and 2, respectively.
In the mid-range of shear rates (10 < "_< 3500 s-l), the apparent viscosity conforms to a power-law
function. In the highest range of shear rates, _/> 3500 s'l, the apparent viscosity becomes nearly
constant and the solutions tend towards Newtonian behavior, with viscosities relatively close to that
of water. The degree of shear thinning exhibited by each solution was characterized by the apparent
viscosity power law index in the mid-range of shear rates. For each concentration, the power law
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paramc_rs and apparent viscosity limiting values are summarized in Table 1. _o is the viscosity value

that is reached in the limit as the shearrate tends towards zero. The value _ is the apparent viscosity
value which is reached as the fluid becomes Newtonian at high shear rates. It is observed from Table
l that n is a strong function of the solution concentration with a decreasing value of n for increasing
values of concentration.

Tabi_ 1' p0wer-Law P_u'ametersand Limitint, Viscosities for Xanthan and El0 soluions

Cone. (%) _n- 1_ a _o.f.c.P3 rl**_
0.05XG 28.6 0.604 30 1.6
0.10XG 110.2 0.487 115 1.7
0.15XG 321..0 0.383 822 1.8
0.20XG 664.4 0.333 2416 2.2
0.30XG 1804.8 0.248 14761 2.8
0.0125E10 1.9 0.923 2.10 1.2
0.025E10 3.2 0.855 3.40 1.3
0.05EI0 7.3 0.757 7.912 1.5
0.10El0 18.7 0.700 20.21 2.2
0.15El0 84.4 0.595 93.00 3.9
0.30E10 517.7 0.444 1242 6.3

0.50E10 1644.4 0.387 9342 12.1

Die-Swell Measurements The phenomenon of die-swell is attributed to the relaxation of the
normal stresses. In order to calculate the normal stresses from die-swell, the following relationship
proposed by Metzner and co-workers [2] is used.

PD2(SV/D)2 { 1)(3n+l).(_)_n,+l_dl°gD/dj]tN1 = 1"11-1,'22= 64 n' (n'+ 2n+l dj [ dlog 8V/DJJ (2)
Measurements of the die-swell ratio (D/dj) along with the volumetric flow rate are used to evaluate
the normal stress differences. A digital linage analyzer with a close-up lens was positioned near
the outlet of the capillary tube to measure the jet diameter. The jet diameter and volumetric flow rate
were measured at different flow conditions. Figure 3a and 3b show a typical image of the die-swell
phenomenon for 0.3% Xanthan and 0.5% El0 solutions respectively at a shear rate 8V/D = 5246
S-1. In order to calculate the normal stress difference from die-swell measurements, a reasonably
accurate estimate of the shear dependency as a function of 8V/D is needed. Over the range of 8V/D
for which die-swell measurements were made (300 see "1 < 8V/D < 5000 sec-l), the shear
dependency of the polymeric solutions is represented by the values of n shown in Table 1. The
calculated values of the fast normal stress diffemce N 1 as a function of shear rate for the Xanthan
and E 10 solutions are given in Fig.4. The single most important difference between the Xanthan
solutions and the El0 solutions is the much higher levels of normal stresses developed in the El0
solutions when compared to the Xanthan gum solutions.

AIRBLAST ATOMIZATION
Deoendence of SMD on Fluid Viscosity or the Ohnesor_e number. Local point
measurements of the Sauter mean diameter were made at r = 0 and x/Da = 20, where x is the
downstream distance from the injector, r is the radial distance, and Da is the annular air jet
diameter. The variation of the Sauter mean diameter of droplets with changes in the air/liquid ratio
is shown in Fig. 5. Throughout this experiment the air flow rate was maintained constant at 12.89
g/s and the liquid flow rate was varied between 2.27g/s and 27.21 g/s. This corresponds to an air
velocity of 93.4 m/s and a liquid velocity varying from 0.310 to 3.72 m/s. Atomization data for the
highest concentrations of Polyacrilamide El0 solutions (i.e., 0.05, 0.1, 0.15, 0.3, 0.5) are not
included in Fig. 5. For these concentrations the liquid did not atomize. Long threads of liquid
interspaced by droplets were formed and the rejection rate due to phase errors exceeded 30% for
the highest concentration.

Figure 5 shows that, although the shear viscosity data for the 0.025% solution of El0 is
orders of magnitude lower than that of the 0.3% solution of Xanthan at all values of the shear rate,
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the atomization quality of the Xanthan solution is substantially better at all values of the liquid flow
rate. The single most important difference between the Xanthan solution and the El0 solution is the
much higher levels of normal _,a'esses developed in the El0 solution. The large die-swell ratio
(dj/D) that has been observed for the El0 solutions in the capillary tube experiment suggests that
the extensional viscosity levels for the El0 solutions are large and that the extensional viscosity is
probably the most important rheological mechanism that inhibits breakup. Figure 5 also shows the
significant reduction in droplet size that can be obtained by increasing the air/liquid mass ratio.

The effects of solution rheology on atomization are first examined in order to determine
which viscosity should be used to define the Ohnesorge number. The spray mean drop size data
shows that the SMD increases with apparent viscosity of the fluid. The liquid flow rate was varied
between 2.27 g/s and 27.21 g/s corresponding to an apparent shear rate (8V/D) inside the injection
tube varying between 786 S"1and 9754 S"1.Due to the very high shear rates encountered inside

the atomizer, it was decided to correlate the data in terms of rl**.The reason for maintaining the air
flow rate constant was to remove any extraneous effects of the additional shear introduced by the
air flow on the fluid viscosity. The data in Fig. 5 was fined to the following equation:

SMD ot Zxz (3)
Only water and the 0.05, 0.1, 0.15, 0.2 and 0.3% solution of Xanthan are considered for the
correlation. The data consisted of 19 data sets representing the various variations of liquid flow
rate, and each data set contained 6 points representing the various polymer concentrations. Each of
the data sets was fitted to Eq. (3) separately to show the functional dependence of the SMD on
fluid viscosity. The power-dependency Xz of the Sauter mean diameter on fluid viscosity, in the
limit of infinite shear rates, is shown in Fig. 6. In Fig. 6 Xz is plotted as a function of the apparent
shear rate (8V/D) inside the injection tube. It is seen in Fig. 6 that the exponent Xz is not constant
and is a function of the shear rate. At the low end of shear rates (8V/D < 3600 S-l), the exponent
Xz decreases with shear rate. Beyond 8V/D = 3600 S-1, Xz remains sensibly constant. The
variations of Xz with respect to the shear rate is relatively simple to explain in terms of the apparent
viscosity of the fluid. At the low end of shear rates, the liquid inside the injection tube is sheared to
a consistency which intermediate between 11oandrl**.The use of 11,, to correlate the SMD data with

is not appropriate. At shear rates above 3600 S"l, the liquid inside the atomizer is sheared to a

consistency rl**for all concentrations and the use of _** to correlate the SMD data with is indeed the
most appropriate choice. The average value of Xz at shear rates greater than 3600 S"1 is Xz,av -
0.417. Attempts at correlating the data in terms of a mass averaged shear viscosity, which is
seemingly a more appropriate choice, were unsuccessful. The reason for this is that correlation of
the data in terms of a mass averaged shear viscosity requires knowledge of the velocity profile at
the exit of the injection tube, which is not known apriori. Even if the velocity profile were known,
correlating the data based on a mass averaged shear viscosity would make the problem untractable
since the mass average shear viscosity is not single valued; it varies with shear rate. Figure 6
shows that SMD increases in proportion to the increase of the apparent viscosity. Note that the
correlation is valid for viscoinelastic liquids only (Xanthan solutions). The coefficient of
dependence in the high shear rate region (Xz = 0.417) is not far removed from previous results
with Newtonian liquids.

The air flow field in airblast atomization is unknown. The air flow imparts additional shear
on the liquid column before breakup. Although, at low liquid flow rates, the liquid inside the

injector might not have been sheared to a consistency rl**,the additional shearing imparted to the
liquid due to its interaction with the air flow can result in additional thinning of the liquid before
breakup. Thus, a second set of experiments were carried out to investigate if the additional shear,
on the liquid column before breakup, introduced by the air flow has any effect on the power
dependency (Xz). The liquid velocity was maintained constant at MI = 7.46 g/s, corresponding to
8V/D = 2622S -1 and the air mass flow rate was varied between 8.51 g/s and 23.64 g/s
corresponding to an air velocity in the range of 61.66 m/s < Va < 171.278 rn/s. This resulted in
Weber number variation between 189 and 1461. This experiment was carried out using pure water
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and the 5 Xanthan solutions. The data consisted of 17 data sets representing the various variations
of air flow rate, and each data set contained 6 points representing the various polymer
concentrations. Figure 7 shows that the SMD decreases with increase in the Weber number. Each
of the data sets was fitted to Eq. (3) separately to show the functional dependence of the SMD on
fluid viscosity at variable air flow or Weber number. Figure 8 shows that Xz is insensitive to the
variations in air mass flow rate or air velocity. It was found that the power dependency Xz remains
almost the same with Xz,av = 0.420.

Denendence of SMD Oll 1-t-M_/Ma The power-dependence on (1 + Ml/Ma) is examined by
ploiting the SMD data as a function of (1 + Mt/Ma) at constant Weber number. Figure 9 shows the
same data displayed in Fig. 5 as a function of (1 + Ml/Ma) plotted using a logarithmic plot. It
should be noted that the slope of the line shown in Fig. 9 is effectively unity. Therefore the power
of (l+MI/Ma) in the SMD equation, should be unity.

De_nendeqee of SMD on Weber Number Experiments were conducted to examine the
influence of Weber number on the Sauter mean diameter. The effect of Weber number on droplet
SMD was examined by varying the air exit velocity. No variations of surface tension were
undertaken. The data presented in Fig. 7 was used to establish the functional dependence of the
SMD on the Weber number. The power-dependence on Weber number is examined by plotting the
SMD data as a function of Weber number at constant (1 + MI/Ma). In the previous sections we
have established that the effects of the air flow on the viscous behavior of the polymeric solutions

are negligible. Recall that the power dependency Xz of the SMD on rio,, was nearly constant,
irrespective of the Weber number, with Xz ave = 0.420. In the previous section we have also
established that the power-dependency of SI_D on (1 + Ml/Ma) is unity. Thus, in order to extract
the Weber number dependency from the data presented in Fig.7, the SMD should be divided by (1
+ Ml/Ma). The data of Fig.7 was thus correlated by the following Equation:

SMD/(1 + Mg!k;la)_ We xw (4)
Table 2 shows the best least squares solutions of the unknown variables Xw for water and the 5
Xanthan solutions. The correlation coefficients are found to be in the range 0.977 to 0.992. The
average value of Weber number dependency Xw is Xw_v = 0.503.

Tabl_ 2 Weber Number Dependency
Xw

Water 0.507 0.992
0.05%XG 0.482 0.977
0.10% XG 0.518 0.981
0.15%XG 0.504 0.986
0.20%XG 0.505 0.980
0.30%XG 0.502 0.990

General Semi.Ern_Dirigal Model for Airblast Atomization The wave mechanism has
found the most wide acceptance among the mechanisms of atomization. Atomization is a process
whereby a volume of liquid is converted into waves, ligaments and drops. When the dynamic

pressure (paUa2/2) of the air stream in airblast atomization is large enough, the amplitude of the

surface waves will grow if their wavelength (_.) exceeds a minimum value ([3]; [4]). When the
amplitude becomes sufficiently large, the waves shed ligaments which rapidly collapse, forming
drops. When the aerodynamic pressure force predominates, waves propagate as acceleration waves
and are governed by (Z/We) 2/3. In contrast, when the surface tension predominates, waves
propagate as capillary waves and are governed by (Z2/We) [3, 5]. Therefore, both We and Z, with
exponents of the Z number equal to or twice that of the We-dependency, are included in our
modeling of drop sizes for airblast atomization.

Based on the aforementioned wave mechanism, the following two and three-parameter
models are proposed along with the basic drop size equation for air blast atomizer, Eq. (5), [6].
Equations (5), (6a), (6b), (6c), and (6d) are used to correlate the data in terms of the Weber
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number, the Ohnesorge number, and the non-dimensional group (I+MI/Ma). The linear
dependence on (1+ MI/Ma) is based on momentum balance and energy considerations [5]. The
power dependency of unity was verified in a previous section.

SMD/D = (1 + K/lt/Ma) X2 We °'5 + X3 Z 1'°] (5)
SMD/D = (1 + _/t/Ma) X2We "xt + X3 Z xl] (6a)
SMD/D = (1 + l(4t/h,;la)X2We x_ + X3 Z 2xl] (6b)

SMD/D = (1 +/QI/Ma) X2 (Z/We_ ¢' ] (6c)
I/

SMDID -(1 + KtdMa) X2 (Z2/We)'' J (6d)
The exponents and coefficients are determined by least squares fit of these equations to more than
220 experimental points.Table 3 shows the best least squares solutions of the three unknown
variables XI, X2, and X3 of Eqs. (5), (6a), (6b), (6c), and (6d) along with the coefficients of
correlation. The coefficients of correlation were found to be in the range 0.933 to 0.972. The best
correlations are found for the equations involving the exponent of the Z-dependency equal to the
exponent of the We-dependency. This verifies the basic intuition that at the conditions of the study
the waves propagate as acceleration waves. The correlation coefficient of Eq. (6c) is particularly
good especially that the equation involves only two parameters (X1 and X2). Figure 10
demonstrates the agreement between the proposed models with the best least squares solutions
listed in Table 3 and the experimental data. The agreement is considered excellent in view of the
diverse liquid properties and experimental conditions.

Table 3 Semi-Empirical Model for Airblast Atomization 0f Non-New_0ni_ Viscoinelastic Fluids
XI X2 X3 c.o.c

Eq.(3) -- 0.169 0.581 0.964
Eq. (6a) 0.616 0.264 0.125 0.972
Eq.(6b) 0.390 0.0707 0.275 0.969
Eq.(6c) 0.496 3.414 --- 0.969
Eq.(6d) 0.328 2.930 ---- 0.933
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KRAKOW CLEAN FOSSIL FUELS AND ENERGY EFFICIENCY PROJECT
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Almost half of the energy used for heating in Krakow is supplied by low-efficiency boilerhouses and home coal
stoves. Within the town, there are more than 1,300 boilerhouses with a total capacity of 1,071 MW, and about
100,000 home furnaces with a total capacity of about 300 MW. More than 600 boilerhouses and 60 percent
of the home furnaces are situated near the city center. These facilities are referred to as "low emission
sources" because they have low stacks. They are the primary sources of particulates and hydrocarbons in the
city, and major contributors of sulfur dioxide and carbon monoxide.

The Support for Eastern European Democracy (SEED) Act of 1989 directed the U.S. Department of Energy
(DOE) to undertake an equipment assessment project aimed at developing the capability within Poland to
manufacture or modify industrial-scale combustion equipment to utilize fossil fuels cleanly. This project is
being implemented in Krakow as the "Krakow Clean Fossil Fuels and Energy Efficiency Project." Funding is
provided through the U.S. Agency for International Development (AID). The project is being conducted in
a manner that can be generalized to all of Poland and to the rest of Eastern Europe.

PROJECT DESCRIPTION

The project details have been developed through extensive working contacts between DOE and Polish
representatives. The project plan includes three phases which have bee_a developed around five specific
subprojects. The five specific subprojects include:

Subproject 1. Extensions to the district heating system to allow elimination of smaller, local
boilerhouses which are more polluting than the central sources of heat. This
subproject also includes building conservation activities which can allow elimination
of additional local boilerhouses.

Subproject 2. Conversion of small, hand-fired boilers to natural gas or replacement with advanced
coal combustio;a options.

Subproject 3. Elimination of home stoves by increased use of electric heating in selected parts of
the city.

Subproject 4. Modernization of boilerhouses through replacement of existing boilers with modern
units or refitting existing boilers to improve operations and reduce emissions.

Subproject 5. Use of improved home stove designs and/or improved coal fuels to reduce emissions.

In Phase I, testing and analytical activities are establishing the current level of emissions from existing
equipment and operating practices, and will provide estimates of the costs and emission reductions of various
options. Pha._e II consisted of public meetings in both Poland and the United States to present the results
of Phase I activities. These meetings provided information to private firms who may be interested in forming
joint ventures to implement recommendations from Phase I. In Phase III, DOE issued a solicitation for
Polish/U.S. joint ventures to perform commercial feasibility studies for the use of U.S. technology in one or
more of the areas under consideration. The solicitation closed in January, 1993, and awards were made last
year.
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This report provides results from Phase I. The Phase I studies involve efforts both on the Polish and the U.S.
side. Because of the emphasis on conservation in Subproject 1, DOE's Office of Conservation and Renewable
Energy is the lead DOE office for this subproject; subproject 1 results are not included in this report.
Subprojects 2 through 5 are being managed by DOE's Office of Fossil Energy through the Pittsburgh Energy
Technology Center (PETC). Brookhaven National Laboratory (BNL) as well as Burns and Roe Services
Corporation (B&RSC) are supporting PETC. Work in Krakow is being managed by the Biuro Rozwoju
Krakowa (BRK or Krakow Development Office) and for Subprojects 2 through 5 BRK is working under
subcontract to BNL.

RESULTS TO DATE

Each subproject includes testing, engineering analysis, and ipcentive analysis components, as appropriate.
Boiler and stove testing activities have been completed. These tests established baseline performance and
emissions using current fuels and operating conditions, as well as alternative fuels and operating conditions.
The engineering analyses include evaluation of local and regional air quality improvements due to the various
alternatives considered, as well as cost estimates for conversions or replacements.

The incentive analyses include fuel price projections, economic analyses, examination of any legal or regulatory
impediments to the various alternatives, and recommendations to the local government on ways to encourage
implementation of those alternatives found to be worthwhile. In addition, a public relations effort has been
defined to inform the citizens of Krakow about the project and provide the meat,s for public attitudes to be
measured and incorporated into project decision-making.

Testing

Boilers

About 77 percent of the boilers in Krak6w, representing 86 percent of the capacity and almost 90 percent of
the fuel use, are solid-fuel fired. More than 370,000 metric tons of coal and coke are consumed annually in
the boilers. Testing was done at four sites - two with larger, mechanical stoker-fired boilers and two with
hand-fired boilers. All boiler tests have been completed.

The hand-fired boilers tested include one site with cast iron boilers designed for coke firing, "Rydla Street,"
and one site with steel boilers, "UI an6w Street." Testing of the cast iron boilers at the Rydla boiler house was
done with coke, with a coal/coke mixture and with smokeless briquettes produced by the Institute for the
Chemical Processing of Coal, Zabrze, Poland. In addition to different fuels some different operating
procedures were also evaluated. These included the introduction of overfire air and stoking the fuel in thinner
layers at the grate. This last procedure obviously requires more frequent stoking.

Tests at Ulan6w Street were performed with coal, a 70% coke/30% coal blend, and briquettes. The test
program included effects of fuel type, load, and fuel bed layering. Effects of overfire air which were evaluated
at the Rydla Street site were not evaluated at Uian6w.

As expected, results showed the highest particulate emissions with coal; wherever possible these units should
change to coke or coal/coke mixtures. For steel boilers which cannot burn coke, briquettes should be
considered. The hand-fired boilers are the dominant sources of CO and the organics. Changing from coal
toward coke use in these boilers will reduce emissions of the organics but not CO. Based on experience
gained during the testing program, it may be useful to explore the use of forced, distributed secondary air
injection over the fire bed to reduce CO production in these boilers. In all cases overfire air should be used
at the beginning of the firing cycle to minimize CO and volatile organics emissions.

Both of the stoker-fired boilers that were tested are owned and operated by MPEC, Krak6w's heat distribution
utility. The Krzeslawice boiler house contains four identical PLM-2.51 boilers with to:.al thermal capacity oi"
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11.63 MW. One of these was tested during this program. The boilers are used to produce steam for nearby
industries and operate all year. These boilers cannot, practically, bc connected to the district heating system
and are considered to be excellent candidates for modernization or replacement. Each boder is equipped with
a bank of six cyclones and an induced draft fan. During tests at this site, measurements were made before and
after the cyclones to allow cyclone particulate removal efficiency to be determined.

Properties of all fuels tested at Krzestawice are listed in Table 1. The normal, baseline fuel is Ziemowit. It
is generally agreed that the Ziemowit coal contains more fines than is considered correct for boilers of this
type, and one objective during the test was to evaluate benefits of a graded coal. Staszic III coal is a sample
of the run-of-mine coal from the Staszic mine in Silesia (Staszic I) which has been washed and graded.
Measurements of as-fired size distributions during the test program, however, indicated that Staszic III still
contained more fines than is considered optimal. It is suspected that the coal was graded well at the mine but
broke during shipping and handling. The final coal listed as "pea coal" was considerably coarser.

In baseline tests with Ziemowit coal excess air could not be reduced below about 150% at high load without
leading to clearly excessive unburned carbon losses. As load is reduced, even higher excess air levels (200 -
300%) are required. Most of this excess air is simply uncontrolled casing leaks - even though an effort was
made to seal the casing prior to the start of the test program. In addition, flue gas exit temperature was higher
than specified in the design. Together, the high excess air and high gas temperature lead to very low efficiency
for this boiler - from 56 to 72%. Boilers of this type should be capable of operating with excess air levels less
than 100 percent and with thermal efficiencies from 77 to 87%. Under optimal operating conditions, the ash
carbon content was about 10% - leading to thermal efficiency loss due to unburned carbon of about 4%. The
cyclone dust collector efficiency ranged from 70 to 95% during the test program.

Relative to the fuel normally used at this site -Ziemowit - the Staszic coals and especially the washed Staszic
III coal, gave reduced emissions and marked improvements in efficiency. In contrast, performance with the
"pea coal" was very disappointing. During operation, this coal burned vigorously very close to the point at
which it first fell on the grate. This led to poor distribution of heat release on the bed and high flue gas exit
temperatures.

The Balicka boiler house provides hot water to a local part of the district heating system. The boiler tested
was built in 1972 and is one of seven at Balicka. Test fuels at Balicka included the normal fuel, Ziemowit,

and again unwashed and washed coals from the Staszic mine. Normal practice at this site calls for all air
dampers to remain fixed for the entire operating season, a practice which leads to very high excess air (to
500%) at low loads and low thermal efficiency (52%). Attempts to vary overall excess air were not successful.
Emission factors were generally similar to th._baseline conditions at Krzesi awice. No significant improvements
were realized with the use of alternative fuels, such as the washed Staszic coal or with the use of the overfire

air. This somewhat surprising result may be largely due to the limited ability to control air flows at this site.

All of the results of this testing program lead to some conclusions about approaches which could, at least from
a technical perspective, have the most immediate impact on emission of pollutants from Krak6w's boilers. In
the case of the hand-fired boilers, clearly coke use should be promoted. Also, all stokers should have
particulate controls. The efficiency of the stoker-fired boilers is low. Improvements in instrumentation,
controls, and mechanical conditions would allow operators to gain about 15% in efficiency with corresponding

Table 1. Test Fuels: Stoker-Fired Boiler at Krzeslawice

Fuel properties as-fired Ziemowit Coal iStaszic I C0al Staszic III Coal iPea Coal
Water % 17.4 17.4 7.6 12.4'

Ash % 22.9 23.1 6.1 4.6

Volatiles % 27.2 26.9 30.9 33.7

Sulfur % 1.5 0.;'/3 0.72 0.52

Lower Heating Value kJ/kg 19014 21918 26840 25212
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reductions in pollution. The use of improved fuels at the stoker would be beneficial but only if the fuel switch
is combined with an effort to optimize performance. An effort of this type must include adequate
instrumentation to accurately determine performance changes.

Stoves

There are approximately 100,000 coal-fired tile stoves in Krak6w with an annual coal consumption of 130,000
metric tons. It has been estimated that there are about 7 million of these stoves throughout the country of
Poland. The masonry tile stove tested during this program is typical of those used in Krak6w. It was built
specifically for these tests by local craftsmen in a laboratory at the Academy of Mining and Metallurgy. The
testing system uses a dilution tunnel method to determine gaseous pollutant emirsion rates and flue gas energy
loss on a continuous basis. Particulate emissions are averaged over firing cycles.

Properties of the fuels evaluated during this testing program are listed in Table 2. The two coals listed
represent the best and worst fuels currently u_ed in Krak6w. Coal from the Bolesl aw Smialy mine is high in
ash content and low in heating value and currently sells for about $60/metric ton. Wujek coal is much better
in quality and higher in price--about $80/ton. The "Zabrze" briquettes have been produced by the Institute
for the Chemical Processing of Coal in Zabrze, Pgland in a pilot-scale facility. These briquettes are termed
_smokeless" because of their reduced volatiles content. The wood briquettes have been made from wood waste
and are currently about half the price of coal (per-ton basis). The final fuel listed is a coke which has also
been recently offered as a possible option for the home stoves.

Performance of the tile stove is summarized in Table 3. Generally, the efficiency of the tile stove was found
to be higher than expected. A dramatic reduction in particulate emissions is obtained by substituting the
smokeless briquettes for the coal. Carbon monoxide emissions, however, were found to increase sharply with
this fuel and this result is unacceptable. With the smokeless briquettes combustion was very slow--leading to
the low values of NO x emissions with this fuel. Also the stove mass temperature rise during firing was
considerably lower with the briquettes. This is consistent with the lower stove efficiency listed in Table 3.

In the baseline tests the results with the smokeless briquettes were very encouraging for the possibility of
reducing particulate emissions. To reduce CO emissions, several methods of increasing the burning zone
temperature were then evaluated including: 1) the use of two types of metal inserts designed to increase air
flow through and reduce heat loss from the fuel bed and, 2) packaging the briquettes in combustible
containers. These efforts were essentially not successful.

During the course of the investigations, however, an improved operating procedure was developed which was
successful in improving performance. This new procedure involves feeding the fuel onto the grate in 3 equal
parts, one during the ignition and the other two during the process of combustion; reducing the overall excess
air and, at the same time, supplying all of the combustion air through the lower, ash pit, door (obviously
except when adding fuel or grooming the bed); more frequent poking of the bed; and closing the bottom door,

Table 2. Coal Stove Test Fuels
....

Fuel properties as-fired Bolestaw Wujek Zabrze Wood Coke
Smiaty Coal Coal Briquettes Briquettes

Water % 2.5 2.72 3.3 5.6 0.1

Ash % 21.6 3.32 10.9 1.8 8.7

Volatiles % 30.3 32.1 8.1 71.6 1.0

Combustible Sulfur % .3 0.3 0.2 0.0 0.5

Lower Heating Value kJ/kg 24505 31324 27619 17916 30280
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Table 3. Stove Test Results
,

Boles!aw Smialy Wujek Zabrze Wood Coke
Coal Coal Briquettes Briquettes

Efficiency % 62 68 [75.1] 57 [73.6] 74 [73.1]
t ........ '

!

Particulates g/kg 13.8 16.6 [15] 0.8 [1.21 6.4 [1.8]

CO glkg 20 27.1 [321 49.3 1211 48.4 I281

Semivolatile Organics g/kg 0.9 0.9 [1.9] 0.4 [0.54] 2.05 [0.55]

Volatile Organics g/kg 3.4 1.8 [3.9] 2.4 [1.4] 6.0 [1.8]

NOx g/kg 3.3 6.9 [2.8] 2.4 [1.81 0.5 [1.61

SO2 g/kg 5.6 5.1 [2.7] 3.3 [4.1] 0.07 [2.8]

Note: Modified Operating Procedure results are given in brackets.

effectively ending combustion, earlier. Specifically, the bottom door was closed just after the flue gas leaving
the stove reached peak temperature. The last part of the procedure is an important one because CO emissions
always increase dramalically at the end of the normal operating procedure. Closing the door earlier may lead
to higher amounts of unburr.ed coke remaining on the grate. However, this coke is burned during the next
firing cycle and does not lead to an efficiency loss. It should be noted that as part of the test procedures used
during this program efficiency was evaluated during multiple cycles, not just a single firing.

Testing with the improved operating procedure was done with three selected fuels - Wujek coal, the smokeless
briquettes, and coke. Results are listed in brackets in Table 3. Relative to the baseline tests the new
procedure gave dramatic improvements in thermal efficiency and reductions in CO with the low volatile
content briquettes. Using this procedure with smokeless fuels leads to clear reductions in emissions.

Table 4 compares total emissions from the different low-stack sources. Among the categories listed, the home
stoves do not consume the most coal. They are, however, by far the most important single source of
particulates and semivolatile organics. They are, in addition, important sources of both volatile organics and
CO. Changing the fuel to briquettes or coke and using the improved operating procedures developed here
would reduce stove particulate, CO, and semivolatile organics emissions. This would clearly have a great
impact on Krak6w's air quality. This change would require no capital investment by Krak6w residents.

Engineering Analyses

For each subproject an engineering analysis has been or will be undertaken. The purpose of the engineering
analysis is to determine: 1) the part of the City which is appropriate for the subproject; 2) the technical scope
required; and 3) the captial costs of conversion. Most of the engineering analyses have been completed.

Gas Conversion

Converting solid-fuel fired boilers to gas is the option of choice for the Old Town area of Krak6w. This is
primarily because the oldest part of the City is inaccessible to the district heating network. More than 20 years
ago the City began a program of conversion, but there are still at least 36 solid-fuel fired boiler houses
(capacity 16 MW) remaining to be converted. All but one could be converted to gas, with only minor
modifications to the distribution system. Total costs would be about $2 million, or $125/KW. An additional
engineering analysis was completed for an area adjacent to Old Town. There are 195 boiler houses operating
there, of around 95 MW combined output. Extension of the low- and medium-pressure distribution systems
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Table 4. Comparison of Contribution of Boilers and Home Stove to Krak6w Emissions
......

Annual Emissons (metric tons per year)

Fuel Use Particulates CO Semivolatile Volatile NOx SO2

(MT/yr.) Organics Organics
.......... ,,

Stoker v_itht_at 34984 539 290 1 0 77 1025
cyclones

Stokers with 198240 427 1645 6 0 436 5808
cyclones

, ,,,, ......

Hand-Fired Boilers- 59107 118 5467 4 41 112 1046
coke

...... ,,,

Hand-Fired Boilers - 52023 281 3871 57 328 62 931
coal/coke mixtures

Hand-Fired Boilers - 26012 520 1171 42 75 60 471
coal

,,,, ,, ,,,,,

Home Stoves - coal 130000 2158 3523 117 221 455 663
fired

,.,

would cost about $2 million, and boiler conversion would cost $10.5 million. An analysis of the high pressure
part of the supply system is currently underway. If all boiler houses in the areas adjacent to the Old Town
that cannot be reached by the municipal district heating network are converted to gas, with a reserve towards
gas heating for buildings now using home stoves, a significant increase in gas supply will be be required.

Electric Conversion

Both in the past and at present, a significant number of residents would be willing to cover the cost of
changing from heating by coal-fired stoves to electric space-heating. The obstacle to more widespread
adoption of this conversion is the lack of transformer stations and cable networks distributing power from the
main power supply points (MPSPs) and supplying each building with heating stoves. One area of the City,
immediately adjacent to the Old Town, has been deemed appropriate for conversion of home stoves to electric
heat. This area includes many buildings heated by stoves, and the newly-erected LOBZOW MPSP with a
reserve capacity of about 50 MW that can be used for heating.

The engineering analysis has determined that around 8,500 coal stoves in this area can be converted to electric
heating with the construction of 78 transformer stations, 15/0.4 kV; 19.4 kilometers of medium-voltage cable
network; and 19.0 kilometers of low-voltage cable network. The total cost of these capital projects is around
$2.4 million. In addition, the cost of converting each stove is about $200. The total installed capacity will be
18.1 MW, and the total average co.¢,tis $227/KW. The analysis was extended to include the remaining 3,100
stoves in the Old Town, because the demand for power in the Lobz6w area will not use all the reserve capacity
of this station. The power output installed in these stoves would be 8.7 MW; average cost of conversion in
the Old Town will be USD 138 per KW.

Modernization of Boilerhous,_s

Not all the solid fuel boiler houses in Krak6w could be eliminated by connecting them to the district heating
network, nor improved in term_ of emissions by conversion to natural gas. The town has more than 100 solid
fuel boilerhouses of a combined output of around 250 MW, operated throughout the year, producing either
process steam or domestic hot water. These boiler houses should continue on solid fuels, with necessary
upgrades to lessen the impact of the combustion process on the environment.
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One of the boilers at the Krzesl awice boiler house was selected for evaluation of modernization options. The
engineering analysis was carried out by two teams - American and Polish. The American team adopted
American technology and equipment; the domestic team used Polish technology and equipment. Design
options included stoker boilers with traveling grates and fluidized bed boilers with different operating
characteristics and emissions control approaches. Oil-fired boilers were also evaluated. Although the capital
cost of oil boilers is the cheapest among the options, they are not competitive overall due to the very high
price of oil in Poland.

Options involving imported equipment have high capital costs, due to the high exchange rate between the
Polish zloty and the U.S. dollar, and the severalfold difference in labor costs. In all modernization options
involving coal-fired boilers there is a drop in fuel consumption due to improved efficiency. This allows savings
in fuel cost as well as in labor and environmental fees. Capital costs range from $220/MW to $900/MW, and
operating costs from $62/MW to $81/MW.

Air Quality Analysis

Air quality analyses in the Krak6w project are being carried out following the completion of engineering
analyses. Air quality modeling follows Pasquille's formula in the version adopted in Poland according to the
guidelines of the Ministry of Environmental Protection. The amount of emissions (concentrations of
pollutants) are related to annual standard values, i.e. 32 I_/m3for SO2and 50 i_/m3for particulates. In the city
center these values are exceeded threefold and more.

Recent work has focused on home stove options - converting to gas or electricity, or switching to briquettes.
Results show that switching to briquettes achieves almost the same benefits as converting the stoves. The
concentrations of particulates and SO2 drop within the city center by an amount equal to the standard
permissible load. These results confirm the efficacy of using "cleann coal, even if only in a transitional period.

Incentives Analysis

The primary objective of incentives analysis is to define and evaluate incentives that the City could offer to
encourage implementation of options under investigation in this project. Based on an economic analysis of
each of these options, possible incentives are identified. The incentives are then evaluated in terms of their
technical and legal feasibility, cost, and effectiveness. Incentives analysis for one of the subprojects, converting
Old Town boilers to natural gas, has been completed.

The economic analysis showed that conversion to gas is not economic for boiler owners. The analysis further
showed that providing a subsidy for conversion costs would be less expensive for the City than subsidizing the
price of heat. The legal analysis showed that although the City cannot impose new taxes (this can only be
done by referendum), there are several ways the City could provide incentives to encourage conversion. The
City has the authority to set property tax rates, and may also create property tax exemptions as a subsidy to
boiler house owners. The City controls rents for some of the buildings, and may lower or freeze rents to
encourage conversions. The City also has the authority to order conversions. Finally, the City could create
an environmental fund with its share of the revenues from fines and fees for use of the environment and use

these funds to support conversions.

Public Relations

A public opinion survey was administered to the residents of Krak6w. Results show that most residents
consider air pollution to be an important issue and that most residents consider industry and traffic to be the
main sources of air pollution. A significantly higher portion of Old Town residents feel that the low-stack
sources are the most important sources, however. While residents state that they are willing to pay to reduce
pollution, the amount that they are willing or able to pay is probably not sufficient. Residents also feel that
City authorities should take responsibility for cleaning the air.
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Based on the survey results, a public relations campaign has been defined to inform Krak6w's residents about
the low-stack sources and about this project. This is being done through press releases and briefings for
journalists, seminars, and production of brochures and educational films.

FUTURE PLANS

In Phase I, the primary tasks remaining are to complete the incentives analyses for the home stove options.
Planning is underway, and the analyses should be finished this year. In addition, BNL and BRK will prepare
a joint report summarizing all the Phase I activities.

Further, Phase I activities are being extended to provide wider communication of the results of Phase I, both
within Krak6w and to other cities. These activities include a workshop in Krak6w directed to potential
funding institutions, Krak6w utilities, and city and provincial government representatives. BRK will update
the survey of the City's boiler population, and link the survey to a geographical information system. BRK will
also work with the City by providing details for city planning, including the impacts of the Phase III projects.
Finally, BRK will meet with representatives of other cities to share the information, tools and experiences of

• the Krak6w Program. A conference for this purpose was held in Plzen in April 1994.

The solicitation for Phase III was issued in September 1992. Final awards to eight firms were announced in
September 1993. Two projects address the district heating system, five address the reductio of emissions from
boilers, and one addresses the home stoves. Cooperative Agreements are being finalized this spring, and the
projects will be completed in two to four years.
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