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COMBUSTION OF PULVERIZED CHAR
C.R. McCann, J.J. Demeter, A.A. Orning, and D. Bienstock

U. Ss. Departmenf of the Interior, Bureau of Mines,
Pittsburgh Energy Research Center, Pittsburgh, Pa.

Introduction

The increasing demand for natural gas stems from-its freedom from emissions of
- particulate matter and sulfur oxides and its adaptability to relatively inexpensive
and automatic combustion equipment. Many studies of fuel resources in the U.S.

have indicated an impending shortage of natural gas. Fish~/ concludes that develop-
ment of coal gasification is essential for the survival of the gas ‘industry and
indicates wellhead prices of natural gas will reach 50¢/MCF within 15 years.

Several coal gasification processes are being developed for production of
pipeline gas. These generally yield a char residue that must be recovered for use
as a solid fuel. The heating value in the char residue can amount to 507 of the
heating value of the. coal feed, depending on the process. '

The combustion properties of chars areZ?uite variable. A study based on the
Coal Research Laboratory Reactivity Indices= shows a close correlation with the
volatile matter content of cokes, reactivity decreasing with decreasing volatile
matter content. The reactive properties of chars may differ, for material of the
same volatile matter content, from those of cokes to those of active carbons. The
reactivity of char residues from gasification will probably be nearer that for coke.

Walker3/ reported that chars from a fluidized bed process can be burned in
pulverized form in furnaces normally used for anthracitglor in conventional bitumin-
ous-type units with supplemental fuel. Craig and Smith—" have burned the product of
fluidized-bed coking of petroleum fractions in a slagging furnace without supple-
mental fuel. The furnace used opposed firing inclined downward to give flame
impingement on the slag pool and very stable ignition.

Experience is limited, but indicates that char residues from gasification can
be burned efficiently provided the furnace is designed for the particular fuel or
an auxiliary fuel is used. )

Tests such as those for the CRL Reactivity Indices or burning profiles,
developed by Wagoner and Duzyi can be used to estimate relative ease of com-
bustion, but may not be sufficient to predict combustion efficiency in a particular
type of unit not designed primarily for handling low-volatile matter fuels. Also,
the tests are not standardized nor are they generally available. This has resulted
because data have not appeared that justify standardized reactivity tests in con-
sideration of the close correlation between reactivity indices and the proximate
analyses of solid fuels. . -

The present paper reports on the combustion experience .with three chars of
different volatile matter contents in a front-wall-fired, dry-bottom furnace capable
of burning 500 1b of bituminous coal per hour.

Supplemental fuel was needed for stable combustion of low-volatile-matter chars
in this unit. The proportion of supplemental fuel required, other operating vari-
ables held constant, is then a measure of the combustion properties of the given
char. The percent carbon conversion in gasification should be optimized in re-
lation to utilization of fuel value in the residual char, which in turn depends

~upon combustion properties of the char. ’ .



Experimental Apparatus

Combustion research has long been hampered by the unavailability of suitable
equipment which could. be used for experimental purposes. Present day industrial
furnaces are too large, costly, and unwieldy to be used for experimentation, while

‘results obtained from smaller experimental combustion units are difficult to inter- '

pret and extrapolate for use on full-scale furnaces. To overcome these liabilities,
a multipurpose combustion unit was designed to simulate the performance of an in-
dustrial steam-generating furnace. The combustor, a dry bottom unit, is capable of

~burning 500 lbs of pulverized fuel per hour with an exit gas temperature of 2000 °F.

A photograph of the furnace is shown in Fig. 1. A simplified flowsheet of the com-
bustion system including the pulverizing and feeding system is shown in Fig. 2. A
cross-sectional view of the principal components, the combustor, convective heat
transfer section, a duct designed for emission measurements, and a recuperative air
heater is/shown in Fig. 3. A detailed description of the furnace has been reported
earlier.2

Operation

The four front-wall burners were designed to fire natural gas and/or pulverized
solid fuel. Prior to each test period, the experimental furnace was fired with
natural gas to preheat the refractory and to provide a source of preheat for the
secondary. air. During this period, combustion air flows were established and
necessary secondary-air swirl adjustments were made to provide flames that were
attached to the burners, but not drawn into the burner tubes. Preheating was then
continued until the secondary air temperature reached about 550°%F. Natural gas
flow to each burner was then reduced by 507%, and pulverized-char feed was started
at a rate of about 250 lbs per hour. From this point, oxygen content of the flue
gas was used as a guide in the changeover. As the char feed rate was increased,
natural gas to each burner was decreased to maintain a constant oxygen level in the
flue gas. All of the chars fired in this investigation required supplemental fuel
to provide stable flames. Since the burners are capable of burning pulverized
solid fuels and natural gas, the latter was used as the supplemental fuel. Thus,
the next operation was determination of ‘the minimum amount of natural gas to provide
stable flames. ’

When the desired char feed rate, nominally 400 1bs per hour, was reached,
natural gas provided about 25% of the total thermal input to the furnace. Natural
gas feed to each burner was then gradually decreased to the minimum amount necessary
to produce stable flames, as determined by observation of the burners. Final
ad justments were then made on char feed rate and secondary air to provide the
desired excess air level for the test period.

Char used in this investigation was produced in an entrained carbonizer using
Utah King HVBA as the parent coal. About 50 tons of coal were processed in 3
batches, each batch yielding a different volatile-level char, nominally 5, 12, and
15 percent by weight. During each combustion test, a char sample was taken from
the primary air-fuel stream using a small cyclone sampler, the tip of which ex-
tended into the center of the recirculation loop. A typical analysis of char of
each volatile level and of the parent coal is given in Table I.
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TABLE I.- Iypical analyses of chars_and parent coal

Low . Medium High Utah

volatile volatile vVolatile King mine
char char char coal
- Proximate, wt-pct, as received
Moisture 0.8 2.8 2.6 4.9
Volatile matter 5.1 12.0 15.1 44,0
Fixed carbon 80.9 73.2 72.0 45,9
Ash 13.2 12.0 10.3 5.2
Ultimate, wt~ﬁctlvas received
Carbon 81.6 75.9 75.5 72.3
Hydrogen 1.0 - 2.3 3.0 5.8
Nitrogen 1.4 1.7 1.8 1.3
Sulfur 0.5 0.6 0.6 0.5
Oxygen 2.3 7.5 8.8 14.9
Ash ) 13.2 12.0 10.3 5.2.

Discussion of Results

Supplemental fuel requirements varied for each volatile level and to a lesser
degree for each set of combustion conditions within a volatile level. . Minimum
fuel requirements, determined as percent of total enthalpy input are.shown‘graphicly
in Fig. 4. The plot shows that minimum supplemental fuel depends somewhat upon the
amount of preheat in combustion air.  Extrapolation of the curves indicates that
volatile matter content in excess of 20% is required for combustion of this char
without supplemental fuel addition. )

Combustion tests were performed according to a factorially designed program
uSLng three independent variables, each at two levels, as follows:

* . '
'Variables levels . L
Excess air ’ -5 and 20%
Secondary air preheat 600° and 700°F
Degree of pulverization 80 and 957 thru 200 mesh

*Supplemental fuel, as percent of total heat input, was also a variable,

but as indicated above, it was not an independent variable, P

When minimum auxiliary fuel requirements were met, chars of each volatile level

burned with very stable flames. Table IIL is a summary of the experimental data from
the combustion tests. Carbon combustion efficiencies greater than 997 were obtained /\
with char containing 15% volatile matter. Even with the more undesirable combustion
variables--low air preheat, low excess air, and large fuel particle size, the low
volatile char yielded about 94% carbon combustion efficiency.

Figure 5 shows the effect of volatile matter content on carbon combustion
efficiency, with excess air and fuel particle size as combustion parameters. While
the experiments were factorially designed for each volatile level of char individu-
ally, the data were subjected to regression analysis, since this type of analysis
permitted addition or transformation of variables, and analyses of all of the data

as a single block. The analyses yielded an equation as follows:
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TABLE II.- Summary of experimental data

.Degree of . Volatile - Percent
* pulvert- Air matter Carbon of total

Obser - Excess zation; preheat content combustion heat input

vation- air, pct, thru temp., ~ percent, efficiency, in natural

No. __pct 200 mesh °F as fired pct gas
31. 19.6 95.2 * ¢ 700 5.2 97.5 15.4
32 5.4. 95.2 695 - 5.2 95.5 : 15.0
33 10.6 94,9 . 600 4.7 97.2 14.6
34 5.4 94,9 - 600 4.7 ©95.2 15.2
35 .19.0 © 80.1- .- 605 5.0 95.3 15.2
36 4.9 80.1 600 5.0 93.8 14.8
37 19.6 80.3 690 5.6 95.7 15.2
38 4.9 80.3 695 5.6 94.0 14.7
91 19.6 .95:1 700 12.5 98.7 12.0
92 4.9 95.1 - 695 12.5 97.5 11.9
93 20:2 . 950 605 11.9 98.3 ) 13.0
94 5.0 ‘95.0 - 600 11.9 97.2 13.2
95 20.3 79.8 600 12.1 97.3 13.9
96 4.9 79.8 - 600 12.1 95.7 13.8
97 £ 20.3¢ « 80.2 690 11.5 97.5 ©  ° 11.8
98. 4.9 80.2 690 11.5 96.0 12.3
151 19.6 95.0 - .700 15.3 99.8 8.9
152 5.4 95.0 700 15.3 99.5 9.6
153 18.2 94.9 - 600 16.0 99.5 10.9
154 4.9 94.9 600 16.0 99.2 10.4
155 18.9 79.9 600 . 14.9 -99.1° 10.8
156 4.9 79.9 600 14.9 98.1 11.0
157 19.6 80.0 705 14.9 - 99.4 9.2
158 4.9 80.0 695 14.9 98.5 9.5

Carbon combustion efficiency = 85.5 + .077A + .067B + .00347C + 1.3 x 10-6 D2 + .0007E

where = excess air, percent

' degree of pulverization, percent thru 200 mesh

heating value of volatile in char, Btu/lb char as fired
(C - 1400)

thermal input in preheated air, Btu/lb char.

A
B
C
D
E

Heating value of volatile in the char, C, was calculated by difference in the
heating value of the char and the heating value of the fixed carbon in the char,
assuming 14,500 Btu/1b of fixed carbon.

Of interest in the equation is the absence of a term showing the effect of the
natural gas used to provide flame stabilization. As the volatile matter content of
the char was decreased, it was necessary to increase the percent of total heat input
supplied by natural gas in order to maintain a stable flame. The percent of heat
input supplied by natural gas was not an independent variable. Accordingly, the
effect of natural gas is included in the effect of the heating value in the volatile
of the char.

Analyses of the data indicate that excess air, degree of pulverization, heating
value of the volatile in the char, and the quadratic effect of the heating value of
the volatile in the char are about equally important, while air-preheat temperature
is of marginal significance. .Over 95% of the variation in carbon combustion efficiency
is explained by the equation.
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- Conclusions

The combustor used in this investigation simulated the operation of a dry-
bottom horizontally=-fired, pulverized-ccal furnace. When fired in this unit, chars
with about 5% volatile matter yielded 94-97.57 carbon combustion efficiency, while

127 volatile char yielded 95.7-98.7%, and 157 volatile char yielded 98.1-99.8%"
carbon combustion efficiency. The ranges of carbon combustion efficiency were the
effect of the combustion parameters--excess air, fuel particle size, and secondary
air preheat. As expected, higher excess air and higher preheat with fine particle
size yielded higher efficiencies. All of the chars fired required supplemental

- fuel to provide flame stabilization. The amount required, based on percent of total

enthalpy input, was about 10, 13, and 15% natural gas for chars containing 15, 12,

and 5% volatile matter, respectively. It appears that a volatile matter content in
excess of 207 is necessary for combustion of these chars without supplemental fuel.
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Figure l.- Pulverized-Coal-Fired Combustor.
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DETECTION OF METHANE COMBUSTION WITH APPLICATIONS TO .
QUENCHING COAL MINE EXPLOSIONS
. By J. E. Nealy* and W. L. Grose®*

"NASA Langley Research Center, Hampton, Virginia
ABSTRACT

A device developed by the U.S. Bureau of Mines for the détection and
quenching of coal mine explosions suffers from thé inabiligy to discriminate
between the light emitted from hydrocarbon combustion and that emitted by
electrical sparks and miner's‘éép lamps. Since the quenchant device is
activated by én internal explosive chafge, the possibility éf serious injury
to neérby per;onnel demands a detecfor which can reject false signals. i
Describéd herein is a device which can provide a rapid response signal upon

" the emission of radiation from hydrocarbon combustion and'concurrently relect

spurious signals from such sources as sparks and cap lamps.

NOMENCLATURE
BX : Planck blackbody fhncpioﬁ - watts/cme—u
I intensity - watts/cm2 4
jAA " spectral emission coefficient for bandpass AA - watts/particle
nOH : number dénsity of OH particles - particles/cm3
v volune - cm3
ux absorption coefficient - cm_¥ particle—'l
w . so}id angle - steradians

*Aérospace Ehgineer, Hypervelocity Impulse'Facilitieé Sect&dn, Hyperéonic
Vehicles Division.

**rerospace Engineer, Flow Field Kinetics Section, Hypersonic Vehicles Division.
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INTRODUCTION

.The accumulation of methahe gas in a coal mine constitutes an ever
present explosion hazard. The methane is a by-product of the decomposition
process which forms the coal. If the concentratioﬁ of methane in air reaches
the critical range of approximately 5-12 percent an explosion can occur.
Methane levels are cﬁstoméfily controlled by forced ventilat%on, but this
is not completely succéssful in preventing localized concentrations ip the
critical range.

An expiosion takeé a fini£e t;me feriod (on the order of milliseconds)
to deve;op after ignifién of théAmethane. The U.S. Bureau of Mineé has
developea a device for detecting and quenching thé developing explosion by
discharging potassium bicarbonate'in its path (refs. 1 and 2). Howevef, the
device is unable to discrimigate befween iight emitted from methane comgu$tionb
and that emitted by elecﬁrical sparks or miner's cap lamps. Since the
quenchant deQiée is disﬁerséd by ;ﬁ internal explosiﬁe charge, the-possibiiity
of serious injﬁry to‘nearby personnelrdéﬁaﬁds a detector which can reject
false signals. It was suggested by R. L. Trimpi, Assistant Chief, Hypersonic
‘Vehicles Division, Langléy Reséarch Center, that thié difficulty hight be
surmounted by developing a detecto; which would operate on thé principie of
monitoring the radiation intéhsity émitted from two separate spectral regions
and ratioing thevintenéities ;- Such a detector would provide a rapid
response signal afférbséhsihg the emission of radiatioﬁ from ﬁhe.hydrocarbon
combustion and.conc&rreﬁtly rejeét spurious signals from sparks and cap
lamps due to the differences in thé spectral characteristicg of the

emnissions.
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A series of experiments are described for metﬁane-air combustion which
illustrate the validity of such an approéch. Estimates-of the spéctral
irradiance of the combustion event are presented, thereby determining the

required sensitivity of the device.
. o EXPERIMENTAL APPARATUS

A cylindrical (3.8" diameter x 12"5 stainless steel shock tube test
‘sectionvwas used as a combustion chamber. The £e£t section vﬁs equipped -with
quértz windows (2" diameter) on eith;r side,.g piezoelectric pressure trans-
duéer, and two steel electrodes. A 10 kilovolt capacitpr discha;ged across
the eléctrédes p;ovided a sub-microéecond duration spark to ignite the gas
mixture within. )

The desired‘partial pressures of methane and air were obtained dy . -
using a Qallace and Tiernan 0-800 mm Hg pféssﬁre gauge with jhich preséufes
could be determined to an accuracy of 1/2 m Hg. All tests were conducted
with a total pressure of 1 atmosphere in the chamber. Thé time histéry of
the'wali pressure was measured during ccmbusfion with a Kistler Model TOl
. Quartz Pressure Transducer and Charge Amplifier.

The radiétion.emitted during coﬁbuétion was observed vith.Jarrell Aghe
1/4 meter monochromators placéd symmetrically on either siée of.the:test ‘
section. The monochromator dispersion was 33 X/mm and both entrance and
exit slits were 500 p in width. Radiatién.qnerging from the exit.slits
was detected with RCA 1P28 photomultiplier tubeé; A Philﬁrick Model : !
Q3M1P operational amplifiér was used to ratio the output voltage from the
two spectral channels.- All signal voltages were fecorded on Tektronix

Models 551 and 556 oscilloscbpeé.
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A schematic diagram of the experimental apparaﬁus is shown in figure 1.
RESULTS

A survey of the flame spectrum of methane showed that a particularly
strong emission occurred from the OH 0-O band head at 306k K, and that a
region of relatively low emission existed nearby at 3000 R. Several
ignitions were performed with the monochromators set on thesé channels to
check consistency, and in all cases were found to repeat well, with an
approximate intensity ratio of 6:1, and a peak wall pressure of T5 psia.‘
An oscilloscope trace mgde during one of these tests in a stoichiometric
nixture of methane and air is shown in figure 2. |

Next, a series of ignitions was carried out in which the initial
rartial pressure of methane was varied through the combustion range of -
5-12 percent. In these tests, it was found tﬁat the 6:1 intengity ratio
was approximately maintéined, even though the relative intensities.varied
considerably with initial CHh concentrgtion. A plot of relative peek
intensity for both channels as a function of initial partial pressure of

. methane is shown in figure 3, along with the peak wall pressure variation.

Figures 4 and 5 illustrate the electronic ratio of the signals of
the two spectral channels. The records of figure 4 were mﬁde with the
monochromators at the normal test configuration 6 inches from the test
section centerline, while those of figure 5 correspond to a position 18
inches from the centerline. It is seen that even though the relative
intensities have been greatly reduced, use of the operation;l amplifier to
divide the incoming phototube signals minimizes the variation of output

signal as a function of source detector distance.
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For light sources emittipg radiation in both éhannels, such as the
incandescent lamp continuum on the many-line spectrum of iron, thé signal
ratio should be significantly reduced. Figure 6 shows ﬁhe individual channel
outputs for a 200 watt tungsten lamp and the corresponding ratioed signal
from the operational amplifier. Similar results are obtained for. an iron
arc source, as shown in figure 7.

The components used in the "bread-board" experiment imﬁediately suggest
the use of more compact and less expensive spectral ratioing devices as a
hydrocarbon combustion detector. For gxample, narrow band in;erferenceA
filters placed in fronf‘of solid~state photodetectors equipped with an . ~
electronic divider circuit could be operated from a central power supply
or optionally from a self-contained battery pack. Electronic dividers
are qommercially available in wafer size integrated circuits, as are 25 K
bandpass filters in this wavelength'regioﬁ.

In order to assess the‘sensitivity requirements of such a prdtotype,A

the intensity, I, received at the detector may be approximated by the

following:
- Dok wV ’g vB = nOH wVv )
e AT T Iar
AX
where I is the integral over the specified bandpass (.3064 - .3089 u)

of the emission coefficient of an OH particle and is a function of

temperature only. This function'h;s been palculated from the absorpfion

coefficient tabulations of reference 3 and is presented in'figure 8. ‘
This information, along with the number density of OH particles in

burning volume V at temperature T, and the solid angle, w, subtended
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by the detector, may be used to approximately determine the sensitivity
requirement of a photodetector. Reference U gives typical mole fractions
of OH as .02 at flame temperatufe 1960° K for a methane-air mixture at

3

1 atm. pressure. Choosing a representative volume. of 28400 cm3 (1 ft
and solid angle of 10-5,
' - . -2 -8
I= i—n [7.5(10)16 - 107 « 2.84(10)" + 107%3] = 10
The RCA 1P28. photomultipliers used have a photosensitivity rating of
about 50 ma/watt at .3y and a current gain of 2 (10)5. This results in a

cathode current of .1 ma, which through a 10 K output resistor supplies-

1 volt sighal to the diﬁider, which is more than adequate.
CONCLUSIONS

It has been demonstrated £hat gethane combust ion produces‘much érea£ér
emission near .306k u than at .3000 M, whereas electric sparks and
incandescent lamﬁs possess nearly coﬁstant emiss&on levels in these spect;al
regions. Thérefore, a detection schemé based on the ratio of the emission-

at these’wavelengths can discriminate between methane combustion and the
interjection of an incandescent lamp or an electric spark in the optical
field of view. ZEstimates of the spectral irradiance of methane combustion
have been made and indicate adequate detector sensitivity for representative
conditions.

Although these experiments were conducted for CHh combustion, the
detéction appératus should respond similarly for other hydrdcarbon combustion

processes due to formation of the OH radical.
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ANALYTICAL RELATIONSHIPS FOR THE INFLUENCE OF
PARTICLE SIZE ON PRECIPITATOR DESIGN

by
Robert G. Kunz and Owen T, Hanna
Introduction

The realistic design of maﬁy types of particulate coliection devices -
involves consideration of the influence of particlé siée di;tribution. For
an electrostatic precipitator, this influence is appropriately'expressed by
the integration of the Deutsch equation for a loérnormal particié size distri-~
bution. The integral which must be evaluated in such cases depends on several
parameters and cannot be evaluated exactly in terms of elementéry functiong.
A numerical tabuiation of the integral for all parametric Cases.of interest,
while feasible, poses a considerable numerical interpolation problem and is

not very suitable for: computerization.

In order to express the integral simply and accur;tely,_aéymptotic
methods are employed in this paper. These methods producg analytical.
approximations.which-are.expressed in terms of well known functions and the
solution of a certain nonlinear algebraic equation. Results of these
célculgtions are given here in forms suitable for_either_hand or computér
calculations. Comparison with numerical calculations shows that the results
of the asymptotic analysis are applicable for virtuallylall cases of prac&ical

interest.

Electrostatic Prccipitatér Theory

In an eiectrostafic precipitator, suspended dust particles in a
gés are eleétricaliy charged and migraté to‘collecting_sﬁrfaces where they
are captured. A fofce Balance on a single charged particle in a quiescent
gas under the influénée of an electric field produces the following expression

for the particle migration velocity:
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: E E d_
w= _0 P P
4Ty 1)
The collection efficiency of a preciéitator in turbulent flow is then given
by the Deutsch equation T .
-Aw/Q .
n=1-e P

.
.

Howeve;, the value of w calculated according to first principles
from eqn. (1) with its underlying simplifying)éssumptions may Be several
times too high because of effects unaécougted for in its derivation; These
‘"include multiple particles, uneven gas distribution, particle reentrainment,
and‘high dust resistivity, as cdmprehensively discussed by White.ll' 12 -
Thereforé, to predict the operation of an actual precipitator, the
theoretical migration velocity is replaced by a precipitat;on rate'coﬁstayt

based on experien_ce.6

Log-Normal Particle Size Distribution

Moreover, the pérticles éncoﬁntered ;n practice are not uniform
in size as we ﬁave,sp far tacitly assumed,-but rather are made up of a
continuous distribution of sizes. Specifically, most powders of industrial
significance are log-normally distributed. Th; frequency of occurrence of
la given diameter particle plqttea against ;he logarithm 6f that size produces
the familiar bell-shaped curve. Alternatively, the logarithm of the particle
diameter (dp).gfaphs as a étraight line against éumulativé weight percent less ‘ (
ﬁhan that éize. An example of the latter plot is shown in Figure 1. 1Two
parameters, the mass median diameter (E}),and the geomgtric standard deviation
(o) completely specify the distribution. The mass median diameter is the

diameter at the 50% point, and o.is given by either of the following ratios:
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3 /d_ at 15.9% or d_ at 84.1%/d
PP P P

A more complete explanation of fine particle statistics is contained else~-

where.5

Collection Efficiency Log-Normal Distribution

By lumping all non-size related quantities into one parameter

k = Eo EE AQv . (3)
e . ) .

eqn. (2) can be written
n = 1-e Kdp ’ ‘ %)

Eqn. (4) is exponential ih character although k, like w, is empirical. This
function, shown in Fig. 2, is an example of the so-called grade efficiency

10

curve discussed by Stairmand.s— 'Typically, larger particles are collected

much more readily than smaller ones.

With the grade-efficiency function defined, the collection efficiency
for each individual particlevsize in the distribution is completely'defermined.
The overall efficiency of collection (n) is obtained by sqmming up these
individual contributions ’

2 bt
—ae

1 A -
e dt &

where a = kEp and b = ¢n ¢

N

Although attention has been focused on electrostatic precipitators,
the technique to be outlined below applies as well to other types of

particulate collection devices whose grade-efficiency curves can be approximated
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by eqn. (4). Typical grade-efficiencies replotted on semi-logarithmic
coordinates from Stairmand's.tabulations and curves are shown in Fig. 3
- for several such devices. Increasingly efficient collection is reflected

by a larger value of k.

Numerical Integration

The integral of eqn. (5) can be éompufed direétly by numerical
quadrature,.fésultiﬁg ln the cﬁrfes presented in'Fig{ 4. :For'some pufposes,
these curves will be entirely satisfactdry{ More than likely, however,
collection efficiency will be desired for a set of inpug parameters 5
and b. not corresponding e*actly to any of these curves, requiring eiﬁhe; an
interpolation or a .complete numerical re-evaluaFion of the integral. 1In
other}words,_thg functional dependence of the eff;ciency on the input
parameters is not shown exﬁlicitly: Fo;zthis reason, simple and accurate

analytical approximations for this integral have been developed.

2 bt
- ae

g a

-t

1 -t

Approximate Representation of j;? _/‘ e ?
. -3

This infinite integral is seen to converge for all values of

-2 and b. The integrand -~ O for both t + —» and t + = and thus, £ince the
integrand is always p;sitive, it must have a maximum Qalue at some point
t*. At the maximﬁm point t*, the usual éoﬁdition for an interior maximum
requires that

tx + abe’™ =0 | , (6)
It is easily ygrified that there can_be bu; one maximum‘point t* for any
.glven set of values of a and b. Thus. t#* depends on both ; and b. Howeyer,

RV 1/

by changing the variables to t* = u* and C = a 2 b, eqn. (6) is reduced

-to a form involving the single parameter C as follows:
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. *
ur + ce®* = 0 &)

Since the integrand involves exponentials, it is natural to hope
that by investigating the maximum of the integrand and suitably changing
variables, the original integral might be transfofmed to one of the
Laplace type, which could then be evaluated approximately for certain limit-
ing values of a or b.2 However, in this problem a transformation of this
type doeg not yield the desired Laplace integral, but the transformation is
nevertheless extremely useful since it does lead ultimately to a resolution

of the original problem.

Some details of the analysis involved in approximating the integral
are given in the appendix for the reader who is interested. Here we will
present the essential results of the analysis. First we note that the
approximation formulas depend on the solution of nonlinear eqn. (7). The
solution of this equation is indicated graphically in Fig. 5. Approximate
analytical solutions of this equation accurate to better than 5% are developed
in Appendix I. These approximations may be used directly, or, if more
accuracy is desired, they may be used as first guesses for iteration schemes
that are also outlined in this appendix. This approach is very attractive

for use on the digital computer.

The most useful approximation of the original integral I is as

follows:

-a%p?

[ 2€ 2 (a~ @, a~0,b 0 (8)
(14ap2y172
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The quantity A in eqn. (8) is related to the solution of nonlihear eqn. (7)
since Ab2 = -Cu* and the solution of eqn. (7) is expressed in terms of this

quantity.

Eqn. (8) is a simple expression which approximates thevorigina}
integral very well, as shown. in Table 1. In Appendix II, it ié p;oved that
eqn. (8) is valid in the limit of either a + », a + 0, or b + 0. The fact
that eqn. (8) applies for so many limiting cases gives some'réason for its
excellent agreemént with numerical results over such a wide range of a and
b values. Except for the impractical case of large>b(log—normal probabilicy
particle size distribution'approaching a vertical line), the approximation

would produce results coincident with the curves of Fig. 4.

Eqn. (8) rgpresents the firét approximation of an asymptotic
expansion for the limiting cases duoted, and it is generally pbssible.to
increase the accuracy of the approximation by adding in some correction terms.
However, adding:only the next uniformly valiq éontribution for a + 0, a > «,

b + 0 causes the formula to become very much more complicated. Moreover,
the comparison between eqn. (8) and the numerical results shown in Table 1

indicates that correction terms are not really necessary.

Although eqn. (8) seems to represent an appropriate approximation ' f
tp Ehe original integral I for current needs, it is difficult to anticipate /
whether some cases that seem unimportant now wiil prove.to be significant
at a later time. For thisﬁreason and for the'sakééof completeness, certain

other approximations to I are given in Appendix IIT,
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2
1 3
Approximate Representation of /;? J[ e 2 dt = J

'precipitator, and the calculation repeated.

Frequently an estimate of the particle size distribution of the
uncollected material is required in addition to aﬁ overall efficiency prediction.
This would be important where several collecting devices are to be installed in
series. For example, it is not uncommon for cyclones to be installed upstream
of a precipitator. In this case, the quantity and distribution of the

particulates escaping from the cyclones would be used as the feed to the

To calculate the particle size distribution, it is desirable to
approximate the above integral where z = ln(dpfgp)/b is now a parameter in
additibn to a and b. It appears possibie»to do this in a manner anaiogous
to that for the previous case (é + ), Again, the details are indicated in

the appendix (Appendix IV). The result is
2

=z" _ E + (z+Eb) -
2
(z<t¥) & 1/22(l+b ® f (9
- (1+b %g) L = _ZHbE
2172 (14125 112
where E = a e+bz.
Eqn. (9) holds only for z<t*. For z>t*, we have instead
-Z2 +bE)
—— - E+ LE____ o 2
(2>t*) . - J =1 - —T'e—'—__T’(l-Fb E) j
(1+b E) o = Z¥BE (10)
1/2(1+b E)l/?
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The approximatioﬁ given for J in eqns. (9) and (10) involve the well knowﬁ
érror function which is widely tabulated and for which there are simple
Acomputer approximations.l Formulas (9) and (10) are shown in example 1

following to approximate well to the integral J.

.

Typical Applications of the Results o " l .

The above functions prdvide an analytical tool to evaluvate the
effect oé inlet particule size distribution on collection efficiency at
iconstant precipitator flow and field conditions. This treatment iS'interﬁediate
. between: the simplified Deutsch equation based on a uniform particle size,

eqn.v(2), and a detailed systens analysis.6 The use of these aSymthtic ) i

relationships will be demonstrated in the numerical examples given below.

Example 1

Problem:

. Compute the overall efficiency of the precipitator whose g?ade—
efficiency curve is given in Fig. 2 operating on the inlet dust distribution
shown in Fié. 1. Evaluate the particle size distribution of the uncollected
materia1.> 4 - | . ' .
.Solution:
By reflotting Fig. 2 on semi-logarithmic coordinates as in Fig. 3

: and determining the slope, onme finds k = 0.46 reciprocal microns. From Fig. 1,

E; = 12 microns and ¢ = 2.8. Therefore, a =’k5b = 5.52, b= 2n o= 1.03, and /{
¢ =al’% = 2.42. From Fig. 5, AbZ = 1.42 giving A = 1.34. From eqn. (8), -
-4%b2-A ‘
e 2 ' .
n=1- _m =1 - 0.0654 = 93.4% . ’ (
(1+Ab ) (rounded down) S ‘ '
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A refinement of these calculations including a computer solution of eqn. (7)
gives an efficiency of 1-0.065436 compared to the above figure. An efficiency
of 1-0.065370 is obtained by direct numerical integration of eqn. (5).

Agreement of these results is excellent.

The particle size distribution in terms of the fraction lost
below a given size can be found by considering the integr;1 J with upper
limit given by z = 2n (dpfap)/b. J can be approximated by eqns. (9) or (10)
depending upon the value of z. To obtain the cumulative particle size
distribution, J must be divided by I, the infinite integral. The results
of these calculations, set forth in Table 2, show quite good agreement for

this example.

In addition, the preceding calculations can be compared with a
more commonly- employed method. The inlet dust distribution is broken up
into a finite number of narrow size ranges, the amount collected for each
range is determined, and these valués are summed to find the overall collection
efficiency.. An example of this procedure is given by Stairmand.s’ 10 The
calculations are summarized in Table 3. The oyerall collection efficiency
.is again 93.47%. The distribution of escaping material is slightly finer
than the distribution obtained by direct numerical integration of the function
1, shown previously in Table 2. The "exact" pumerical integration distributionm,

with Ep of 2.7 microns and ¢ of 1.9, lies between this approximate distribution

and the one obtained using the asymptotic expressions.
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For this illustrative calcﬁlation, entries in Tablé 3 correspond-
ing to the inlet particle size and collection efficiency have been computed
from the appropriate functional forms rather than graphically as might normally
be done for a routine calculation. The differences in efkiciency and distri-
bution areltﬁerefore caused only from taking a séries of finite intervals
in which the collection efficiency is assumed té be conétant at its midpoint

value.

In this example, the asymptotic analytical expréssions derived
in this paper have been shown to produce an overall efficiency equivalent
to that obtained from direct numericéal integration and a commonly employed
approximate technique. In addition, the particle size distributions of all
three methods are roughly compa;able,'wifh differences of-thg order of
a few percent. The asymﬁtotic functions are especiallf attractive for
hand calculations when only the overall efficiency is desired. When‘a complete
particle size distributioﬁ is required, the calculations involving eqrs. (9)
and (10) are more tedious than the method outlined by Stairmand, which would
probably be used. When computer facilities are available, the asymptotic
functions represent a savings invcomputer time over a standard numerical

quadrature and are expected to require about the same order of magnitude

of time as that used by the Stairmand type of calculation. -

Example 2

Problem:

To increase collection efficiency, the precipitator of example 1
is to be doubled in size by increasing the lehgth of its élates in the
direction of gas flow. Calculate the new efficiency accounting for particle

-size distribution and by-using the simplifiea Deutsch equation.
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Sqlution:

To account for a change in-plate length, oné must vary k which
is directly propor tional to this dimension. In example 1, the parameters
of the inlet dust and k = 0.46. led to an efficiency of 93.4%. When the
size is dousled,_k becomes 0.96 and the computation proceeds in a similar

manner, giving an efficiency of 97.9%.

This calculation can be compared to an entirely différent
technique. As ig sometimes done, eqn. (2), the simplified Deutsch équation
for a monodisperse particulate, can be empioyed and thereby circumvent the‘
use of an integral and all the difficulties involved in its evaluation. In
this précedure, the observed 93.47% efficiency can be used to fix the value
of the argumenf of the exponential at 2.7. Doubling the plate length.makes
this parameter 5.4 and gives an efficiency of 99.5%. _Althougﬁ.thc two

efficiencies, 97.9% and 99.5%, appear close, the loss rates differ signifi-

cantly by a factor of 4.

The efficiency as a function of length is plotted in Fig. 6.
The asymptotic expression gives the efficiency shown by the solid curve,
while the simplified Deutsch equation produces the broken line. The two

provide equivalent results only in the vicinity of 93.4% efficiency where

the Deutsch equation exponent was fitted.

Thus, the Deutsch equation predicts a greater éfficiency at a
given increment in length or a shorter additional length required to achieve

a given increase in efficiency. This is the same scrt of behavior demonstrated
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Solution:

| . To account for a change in plate leegth, ene must vary k which
is directly proportional to this dimension. In example 1, the parameters
of the inlet dust and k = 0.46 led to an efficiency of 93.4%. VWhen the
size is doubled "k becomes 0.96 and the computation proceeds in a similar

manner, giving an efficiency of 97. 91

This calculation can be compared to an encirely different-
technique. As is sometimes done, eqn. (25, the simplified Deutsch.equation
for a monodisperse particulate, can be emﬁloyed and thereby circumvent the
use of_an integral and all the difficulties involved in its evaluation. In
this pfocedute, the observed 93.4% efficiency can be used to fix the value
of the argument of the exponential at' 2.7. Doubling the piate length makes
.this parameter 5.4 and gives an efficiency of 99.5%. Alchough the two

effic1encies, 97.97% and 99. SZ, appear close, the loss rates differ signifi—

cantly by a factor of 4.

‘The efficiency as a function of lengtﬁ is piotted in Fig. 6.
The asymptotic expression gives the efficiency‘shown by the‘solid curve,
"while the simplified Deutsch equation prodﬁces the broken line. The two
provide equivalent results only in the vicinity of 93.4% efficiency where

the Deutsch equation exponent was fitted.

Thus, the Deutsch equation predicts a greater efficiency at a
given increment in length or a shorter additional length required to achieve

a given increase in efficiency. This is the same sort of behavior demonstrated
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TABLE 2

d icrons
p(m )

-2 - B N - Y I o T

P
o

8

o O O O ©O o o

switch‘from'eqn.

PARTICLE SIZE DISTRIBUTIONS FOR EXAMPLE 1

*
J(approx.')

0.00557
0.
0.
0.
.0537
.0579
.0607
L0624
.0635
L0642
.065436

0209
0347
0471

*In this example, dp &

(9

Cum. Wt.%

8.5
32.0
53.1
72.0
82.1
88.5
92.8
95.4
97.1
98.2

1Q0.

J(numerical)

0.00563
0.0219
0.0372
0.0481
0.0550
0.0592
0.0618
0.0632
0.0641
0.0646
0.065370

Cum.

33.
56.
73.
84,
90.
94,
96.
98,
98.
100.

We.%

L O O L H OO Oy

2.96 corresponds to z=t* and is therefore where we
(10).
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~ 'PARTICLE DIAMETER (MICRONS) -

50

Figure 3
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Notation

A = aeP™ = —cux/bZ = —t*/b

A = area of collection plates

P
b = no
c = a1/2b :
_.dp = particle diameter
Eﬁ = 'maSS'mehian diameter
e = base of natural logarithms
E = aebz
Eo = charging electrical field intgnsity
Ep = célléction electrical field intensity

I = infinite.integral in eqn. (5)

J = integral I with variable upper limit
k = coilectiqn parametér
Q@ = gas volumetric flow

s = variable of integration
t = variable of intégration .

t* = Jocation of maximum point

uk = t*/al/z

L]

w effective migration velocity

z variable upper limit of integral J = ln(dp/ﬁé)/b

Greek Letters
'n = collection efficiency

= gas viscosity

=

. ¢ = . numerical constant

g = geometric standafdvdeviation
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Appendix I

. Cu*
The solution of u* + Ce = 0.

This equation is easily solved numerically by means of a suitaﬁle
interation method if appropriate starting values are used. Sﬁitable
érocedures include the Newton method or the ordinary iteration method
accelerated by means pf the 62 process.4 The latter method was used to
obtain the numerical values shown in Fig. 5 and Tablg A-1. As&mptotic
solutions of the;equation were used to.yield reasonable starting values.

The two asymptotic solutions for ~Cu* = Ab2 are .

2 2 :
cl(c) = ZQ__L%i%_lZ_ c > 0) . . (Al-1)
2(1+Cc")°-C
. and
GZ(C) = 22n C ~ &n(24n C) (C » =) . . (A1-2)
These two asymptotes are compared with the numerical values in.Table A-1. ) ‘

Since the 'C— « golution, eqn. (Al-2) ihvolves a logarithmic scale, it only
becomes accurate at extremely 1aige (and impractical) values of C. ﬂowever, l

it was observed that the difference between the numerical values and eqn.

(Al-2) is nearly constant for C > 2.5,and thus in the table values of GZ(C)+0'3

‘are seen to yleld accurate results for C > 2.5, ‘

The asymptotic solutions gi§eﬁ above are very useful in the asymptotic

analysis of the integral I. Eqns. (Al-1) and (Al-2) show the asymptotic ;

behavior of the quantity A with respect to a and b. For a or b > 0, A+ a

and for a ~ «, A > 2 Rngallzb) .
. ’ 2

~—
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TABLE A-1

COMPARISON OF NUMERICAL AND ASYMPTOTIC SOLUTIONS OF EQN. (7)

Numerical

-Cux*

0
0.
0.
0.
0.
1.
1.
1.
2.
2.
2.
3.
3.
4.
11.
15.

Gy

: Asymptotic
= m? 6,0 6,(0) 6,(€) +0.3
0
0099 0.0099
0828 0.0828
2039 0.2040
5671 0.5614
202 1.176 1.060 1.360
456 1.372 1.227 1.527
679 1.513 1.410 1.710
053 1.753 2.053
360 2.050 2,350
620 2.307 2.607
045 2.734 3.034
386 . 3.078 3.378
490 4.201 4.501
38 11.19 11.49
67 15.51
2,2
(© = 2D 5 6 () = 220 € - w20 ©
2(1+¢%) %-c
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Appendix II1

w —t? _ _ bt
Evaluation of — 2
dt = 1
¢4 ) j -

. © .tk
We proceed by splitting the integral by means of j =J‘ +_f where t*

-0 -0

*

is the solution of eqn. (6). Thus I = Il+12 where Il " and I, = f .
t*

Lo
First consider 12', which turns out to be much easier to analyze than

Il' (It happens that to the first approximation, I1 and I2 are equal). By

translating the origin of coordinates to t* through t-t* = u, we get:

-b A

7 + Abu -aePY
I, = I du ' ' (a2-1)
2

) ,

Nl:

Since r_h.e new integrand, by way of its construction, is a maximum- near u=0,
it is natural to approximate to the integrénd in this vicinity_ in hopes tha.t
though the approxir.nat'ion may no;: be good in other regions,l these regions con-
tribute only a. small part to the integral. The best procedure seems t-o be
the following. Write ]

bu : bzu2 bu b2u2

e =l+bu+2 +g —l—bu—z.

Then expand the exponential in eqn. (A2-1) to get
bZA2

b A
2
e

I, = ——7— ] -(1+b2A)'-L£- bu bzu2
1 (2n)1/2 J;:o 2 [l—A(e -1-bu - T“)] du (A2-2)

where the error incurred by taking 1 for the quantity in square brackets is

negative and less in magnitude than the next term.
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By performing the integration we get

(A2-3)
5242 N 2 .
2 1/2 1/2 2- _2 1/2 2.1/2
1, = e - » 73 _A{<g) o28 .f &S ds _.(%_> b 2_1_575}_;]
(2m) (28) 8/ . : ' 8/ B (29
s=-hb .
'(““Zg)l/z'

vhere g = (1 + bzA)

The error made by approximating the quantity in square brackets by the first
term is negative and less in magnitude. than the next term. It is easily shown
eqn. (A2-3) that the relative error assoclated with using just the first term

in square brackets goes to zero for either a -+ 0, a + ©» or b + 0. The

integral I is transformed by means of t*¥ - t = s and becomes

2.2
-b"A 2
2 - Av ? e -Abs—Ae-bs R
1 =£__________j'e 2 . . .
1 /2 ds ‘ (A2-4)

en?t =0

Here again the integrand is approximated near its maximum (s=0) and to a first

approximation for either a + 0, a + ® or b = 0

i S
. e 2 .
L >
1T

However, in the case of Il’ the demonstration of the validity of this result
is much more involved than it was in the case of I2 and the lengfhy details

are omitted.
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Appendix III

PR R
: 1 2
Other Asymptotic Expansions to I = ——=:> s e dt
1/2
(2n)"' " ==
For b > », I » 1/2 in accordance with
1 2 e
I=1/2 + Rl, lRll < J2q max [‘E', a—] (A3Tl)

Note the curQe for b=25 of Fig. 4 is approaching this limit.

. For b - 0 we have .
o -a%? /bl S _
7 A 2 : '
I=e [; - A (e -1/ .. .  (A3-2)

- Eqn. (A3-2) is'useful since it has the property that the error made By taking

the ‘term in square brackets equal to 1 is negative and less in magnitude than

B2
A <e2 —:1).

For a >~ 0 .
b2 2 5 9 ~
11 2 - 2 2b 32 : . :
I*ii) -1)a’e 2 a“e a’e
& e =lae’ AT o TR (A3-3)

This serles diverges for any b > 0, but it is asymptotic in the sense that
the error is of the same sign as the first neglected term and less than it
in magnitude. Therefore, the series is of use computationally for sufficiently

small values of a.
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Appendix IV

k4 "tz —aebt

1 .
Evaluation of o )1/2 .I dt = 1

It is convenient to consider separately the cases z < t* and z > t*.

.For z < t*, the maximum of the integrand is at z and accordingly we move the

.

origin of coordinates to z and approximate to the integrand in this vicinity.

Thug J becomes

=2* w? .
2 © — -bw ' ) .
J = =& . ezw - 2 -/Ee dw . ) (A4~1)
(2n )1/2 :
w=0 : _ ‘ -
vhere E = aebz

By approximating the exponmential near ©w = 0, we get

:E—~-E (bE+z)2' w
2 . aq+b2E) [ 82 :
J 2 173 77 © e  ds ‘ (z<t*) (A4-2)
() (4 E) ) - (bE+z
212 (14p25y1/2

‘The 1ntegral appearing in eqn. (A4-2) is just the complementary error ‘function

which is w1dely tabulated and for which there are simple computer approxlmatlons

. o o
For z > t*, it is convenient to calculate J by means of K = I - S
-0

Then an approximation of the type dlscussed in the previous paragraph gives

> (bE+z)2 ©
.2 ~F 2an’n | -s? w
J=:1 T i72,,,0012 J bz (z>t*) (A4-3)
(1+p%B) =17 172
212 (14p%)

Note that for z = t* the sum of the approximations tpf and f just adds’
o z

up fo the approximation given fot‘ji

-0
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A STUDY OF FLY ASH REACTIONS AND DEPOSIT FORMATION
IN A LARGE, CYCLONE-FIRED STEAM GENERATOR

A. A. Orning

U. S. Department of the Interior, Bureau of Mines,
Pittsburgh Energy Research Center, Pittsburgh, Pa.

Introduction

Many, if not most, of the problems peculiar to the use of coal as a fuel are
related to its mineral matter content. The ash and slag products cause fouling
and sometimes corrosion of heat transfer surfaces, are hard to remove when slag
deposits become massive, are difficult to contain when the slag is fluid, and are
costly to remove as particulate matter in the stack gases. The purpose of this
paper is to discuss the release of mineral matter in burning coal and to present
data on reactions of ash deposits with combustion product gases in a large cyclone-
fired steam generator. Conclusions will be drawn that must be interpreted as
pertinent to the particular unit though based in part on observations in .other
units. The intent is to demonstrate that valuable information can be gained by
systematic sampling and analysis of fly ash and ash deposits.

The Release of Mineral Matter

1/

Ash, as formed from the mineral matter of coal in the ASTM Standard Method,=
has analyses as illustrated by samples 8 and 9 of Table I for two Illinois coals.
Several things are noteworthy: 1) Carbonates are converted to oxides, 2) sulfur
is retained as sulfate to the extent that sulfate formation precedes carbonate
decomposition, and 3) the weight percentages of ash components, represented as ~
oxides, add approximately to 1007%. When the ash is formed under high-temperature
conditions, as in the steam generator furnace rather than the temperature-controlled
muffle furnace used for the ash determination, a lesser proportion of the sulfur is
retained as sulfates and the alkali metals are at least partially volatilized.

Vapor pressures for various alkali materials are given in Table II. The free alka-
1i metals are most volatile, but equilibria favor conversion to the hydroxides. The
oxides should be considered, although equilibria also favor their conversion to the
hydroxides. Little information is available on the kinetics of such high-tempera-
ture, gas-phase reactions. Acid-base reactions are fast in water solution but may
be slow in the gas phase. HCl gas seems relatively inert. Alkaline mists have
been observed to fall out of the plume from incineration of organic wastes with
high NaCl content. These considerations suggest that the hydroxides are the
probable mode of transport of alkali metals in the hot combustion gases.

TABLE I.- Analyses of ash and slag samples, weight percent

No. Location S03 Fep03 Alg03 S5i02 Ca0 Mg0 Naz0 Kp0 Total
1 Slag tank 0.25 19.7 17.6 45.8 8.67 0.95 2.16 1.99 97.1 /
3 Reheat superheater 10.2 21.0 16.4 32.5 10.95 .80 2.80 2.19 96.8
4 Primary superheater 2.2 18.6 18.3 47.1 5.96 .86 2.47 2.04 97.5
5 Economizer hopper 5.0 20.6 17.4 43.2 . 5.79 .75 2.56 2.13 97.4
6 Air heater hopper 2.2 21.7 17.6 45.4 7.61 .86 2.12 2.05 99.5
. 7 Precipitator hopper 3.5 18.9 17.6 45.8 5.04 .90 2.91.2.82 97.5
8 Coal ash, A 7.5 28.2 15.5 35.7 7.68 .78 2.43 1.83 99.6 {
9 Coal ash, B 8.0 17.2 18.9 44.5 7.55 .91 1.98 1.83 100.9
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TABLE II.- Temperatures at selected vapor pressures

T°C :
Component : 1 mm _ 10 m 100 nm
Na 439 549 701
K 341 443 586
NaCH 739 897 1111
KOH ) 719 863 1064
NaCl 865 1017 1220
KC1 821 968 © 1164

Iron sulfide, FeS, and metallic iron tend to appear with deficient air supply.
This is aggravated in wet bottom furnaces when pyrite (FeS3) impinges on th7 slag
surface. The iron in coal is 'present primarily as pyrite. Bailey and Elyg have
shown that iron tends to segregate into slag and into furnace deposits. The author
has observed a furnace with front wall burners and a plan area too small to prevent
flame impingement on the wall surfaces. Iron content of the wall slag was over
three times that expected from the coal ash analysis. It appeared that oxygen was
deficient in the area of flame impingement and that liquid droplets of FeS were
preferentially adhering to the wall,.although intermittent oxidation gave an
oxidized slag.

) Fireside corrosion associated with segregated deposits high in alkali-iron
sulfates were first found on furnace wall tubes of wet bottom furnaces.3.4

Presence of CO in the local gas stream was indicative of local oxygen deficiency
and flame impingement with preferential adherence of FeS droplets and high local
heat transfer rates. However, the segregated deposits were found to be sulfates
with detectable sulfide only at the interface between the deposit and the tube
metal. Intermittent oxidizing conditions convert sulfides to sulfates. With tube
surface temperatures on the order of 400°C, the complex alkali-iron pyrosulfates
become stable liquids. While these liquids. in part may be corrosion products, they
in turn are cause for electrolytic corrosion if not the active corrosive agents.

Reactions between sulfur oxides and fly ash have been the subject of study and

_speculation for many years. Johnstone2/ concluded that fly ash from stoker-fired

boilers had a little catalytic gytion on the oxidation of sulfur dioxide in flue
gas. Crossley, Poll and Sweett=' studied these reactions to explain findings of
the Boiler Availability Committee that firing of pulverized coal over the back end
of mechanical stokers was effective in controlling acidic deposits in the boiler.
The appearance of the typical alkali-iron-aluminum sulfates on superheater tubes
brought renewed interest in the reactions between f}y ash and combustion gases.

The extensive literature has been reviewed by Reid.—/ The deposits are character-
ized by water solubility; a low pH, high content of alkali, iron, aluminum and
sulfate, and relatively low contamination by other constituents of fly ash. These
deposits underlie typical ash deposits. They have an amorphous or microcrystalline
appearance when cold but sometimes show signs of having been-liquid. They appear
where gas temperatures, the thickness of the overlying ash deposit, and the steam
conditions are such that the resulting heat transfer produces temperatures near the
tube surface approaching 650°C. The segregated deposit may be separated from the
tube metal by a.poorly consolidated oxide scale. The author has also found samples
where liquid wetted the metal tube and penetrated under the oxide scale so as to
bend it away from the tube surface. Relatively low occlusion of fly ash in.the
segregated deposit indicates that components not soluble in the deposit are mechan-
ically ejected by cyclic melting and solidification. The resulting deposit, from
American bituminous coals, has a somewhat variable composition, particularly the
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proportion of iron and aluminum sulfates, but is so characteristically different
from the overlying fly ash deposits that it is visually detectable without need for
chemical analysis.

Occurrence of the segregated deposit under typical ash deposits has caused
speculation as to whether the deposit was formed first and the fly ash deposited
later or whether the segregated material was synthesized beneath the fly ash
deposit. '

Synthesis of the complex sulfates requires a partial pressure of SO3 thE?r
- than that found in the main stream of combustion gases. Anderson and Goddard=
conclude that the $07-S03 reaction reaches equilibrium within the deposit and that
solution phenomena at operating temperatures reduce the necessary partial pressure
of SO3 below that exhibited by pure phases of alkali-iron and alkali-aluminum
sulfates that appear in the deposit after cooling.

While information on reactions between sulfur oxides and fly ash is sketchy,

there is even less §7formation on reactions involving the alkali metals. Weintraub,

Goldberg and OrningZ’ found that the alkali content of fly ash, subjected to a
temperature gradient in a flue gas atmosphere, migrated towards a cold surface at
375°C. The complex alkali sulfates did not'appear. In the absence of a supply,
beyond that of the original fly ash, there was insufficient alkali for the synthe-
sis. Since the alkali components of the mineral matter of coal are volatile under
combustion conditions, it seemed desirable to gather data on the reabsorption of
alkali by fly ash and by deposits at various points within a coal-fired stéam
generator. A study of deposits in a cyclone-fired unit seemed preferable because
the high temperatures within the cyclone would assure more complete volatlllzatxon
of the alkali components.

The Steam Generator

The steam generator cross section is shown in Fig. 1. It was rated at
3,290,000 1b of steam/hr, 3625 psig and 1005° superheat with 575 psig and 1005°F-
reheat. It had 10 cyclones, 10 ft in diameter, five each on the front and rear
walls. Sampling points -are shown by the circled numerals, except for the electro-
static precipitator hopper which is not shown. The furnace wall tubes were fully
studded to a level about 5 ft below the gas recirculation ports. A thin, glassy

slag coat was intact throughout the studded zone following shutdown. Slag shedding

had occurred on all upper wall surfaces. except in the corners just above the stud-
ding and on the walls under some of the gas recirculation ports.

Ash and Slag Samplgs

Two southern Il1linois bituminous coals were used. Analyses of the ash and
slag samples are shown in Table I. Data on the mole percent basis, shown in Table
I1I, are more revealing. Unfortunately, the two coals that were used have somewhat
different ash analyses. The §05 is equivalent to. about 70% of the Ca0 for both
coal ashes, while sulfur in ash accounted for 24.6% of the sulfur in coal A and
38.5% of the sulfur in coal B. Retention of sulfur in the coal ash, as produced at
700° to 750°C by the standard method for ash content, is related to the calcite
content .rather than to the sulfur content of the coal. .

The composition of various slag, deposit, and fly-ash samples may be expected
to depend upon opportunities for segregation, on temperatures at various points
along the gas flow path, and on the readsorption of sulfur and alkali components.
The temperatures were not measured but were probably on the order of over 1700°C
in.the gyclone,1000°C in the- secondary superheater, location 2, and 325°C at the
air heater, location 6. '
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TABLE IIIL.- Ash analyses, mole percent, and physical éharacteristics

. Location Color? Mag.b 803 Fey03 Aly03 8i0p Ca0 MgO Naj0 K0
.1 Slag tank . BL. 1 0.2 9.5 13.3 59.0 11.9 1.8 2.7 1.6
6 Air heater BL. 3 2.1 10.4 . 13.2. 58.0 10.4 1.6 2.6 1.7
4 Primary superheater R.B. 2 2.2 8.9 13.9 60.4 8.2 1.6 3.11.7
5 Economizer hopper B.R. 2 4.9 10.2 13.4 56.7 8.2 1.5 3.3 1.8
3 Reheat superheater B.R. 0 10.2 10.5 12.9 43.6 15.7 1.6 3.6 1.9
7 Precipitator hopper G.B. 2 3.4 9.2 13.4 59.4 7.01.7 3.62.3
8 Coal ash, A - - 7.6 14.3 12.3 48.3 11.1 1.6 3.2 1.6
9 Coal ash, B - - - 7.5 8.0 13.8 55.2 10.0 1.7 2.4 1.4

Color code: BL., black; R.B., red-brown; G.B., gray-brown B R., brick-red.
bgcale of increasing magnetic character

Sulfur content of the slag is almost immeasurably low. The 0.2 mole of S03
corresponds to 0.1 wt percent of sulfur, which is reported to the nearest 0.1%.
The sodium and potassium contents of the slag are comparable to those of the coal
ashes. Slag from the cyclones flows across the furnace floor to the slag drip._
Either the alkali metals were not substantially volatiliZed in the cyclones or they
were readsorbed as the slag flowed across the furnace floor.

Deposit samples were not taken from location 2, Fig. 1 (lead tube of the last
platen of the secondary superheater). Visually identifiable complex alkali-iron-
aluminum sulfate, covered by a thin shell of ash, was found on these tubes. The
ash shell had partially shed on cooling of the furnace. Large sections could be
removed intact with light finger pressure on the edge to expose the underlying
sulfate deposit. The shell was so thin that clean separation from the underlying
sulfate deposit could not be assured for the purpose of chemical analysis.

Deposits at location 3 (lead tube of the reheat superheater platen) were
shaped like antlers jutting into the gas stream and were joined by a thin shell
across the front of the tube. They were so hard that the author could not break
them off by hand though they projected about 3 inches in front of the tube. The
analysis gave an exceptionally high content of SO and maximum values for the
alkali metals, except K20 in the precipitator hopper sample. The surface of the
deposit was dusty, and fracture surfaces showed no indication of fusion, suggesting
that the ash was cemented by formation of alkali sulfates within pores of the
deposit.

The samples from location 4 (the top of the primary superheater) were hard
nodules blown from an unknown location and too large to pass between the super-
heater tubes. While these nodules were as hard as sample No. 3, the sulfur content
was not as high. The underlying tubes were free of deposits. .

The economizer hopper (location 5) was located below the downflow section of
convective heat transfer tubes. The air heater hopper was under the flow reversal
duct between sections of the air heater. The classifying action of changes in
flow direction, compared to electrostatic precipitation, may be responsible for the
differences in analysis between samples from the economizer hopper, the air heater
hopper, and the precipitator hopper, locations 5, 6, and 7. There is also a pro-
gressive drop in temperature between these locations.
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The sample analyses are remarkably consistent except for the variation in §03

content and a disproportionation between lime and silica in sample No. 3. .The.iron'

content of the hopper and deposit samples is between those of the two coal ashes,
while the silica contents, with the one exception, are higher than that of either
coal ash. ’ ’

The hopper and deposit samples showed remarkable differences in color and
magnetic properties. Table III gives data from gross appearance. Microscopic
examination showed heterogeneous character. The slag tank sample looked like pul-
verized black glass with a few translucent wedges and a few magnetic particles,

- presumably magnetite. The brick-red material from the reheat superheater tube had
a very small number of magnetite particles. The economizer hopper and superheater
nodule samples had increasing proportions of magnetite mixed with the brick red.
The air heater sample appeared almost as black as the slag tap sample, and had a
large portion of magnetite with a sprinkling of small red particles on the surface
of the larger black particles. The precipitator hopper sample had a considerable
portion of magnetite with enough whites (some opalescent beads) and reds to give a
gray-brown appearance. Almost all black particles, except those from the slag tank,
were magnetic, presumably magnetite. The analyses for iron are given in terms of
Fe903 without regard .to the actual state of oxidation. The brick red color is due
to ferric oxide, and the color variations may be used to infer variations in ferric
oxide content. -

Discussion

Most of the ash from cyclone combustion is collected in the slag tank with
almost negligible sulfur content. Deposits with high sulfur content are formed over
long periods of time and represent a negligible part of the material balance. The
fly ash has a significant sulfur content but represents a minor fraction of the’
mineral matter input. Most of the sulfur passes through the system as SOj, but
oxidation to 803 and sulfate formation by reaction with other mineral matter com-
ponents have considerable effect on deposit formation.

The behavior of iron is of particular interest. It is present in the coal
almost entirely as pyrite, often distributed as very fine particles. Rapid heating
to 2200°C produces liquid droplets approximating FeS, ferrous sulfide .19/ The
sequence of melting, decomposition, and oxidation is unknown. Larger particles are
probably thrown onto the slag within the cyclone. Smaller particles are converted
in suspension to finely divided ferric oxide. The author has observed a cyclone-
fired unit with a mechanical but no electrostatic precipitator. The stack plume
was brick red. Had it been black it would have been rated number 4 smoke. The
finely divided ferric oxide produces a dust coating on tube surfaces. At appropri-
ate temperature levels, oxidation of S§09 to S03 within the dust layer and reaction
with adsorbed alkali metals produces the complex alkali-iron sulfates. Depending
upon temperatures and temperature gradients, these sulfates may act as cementing
agents or may accumulate as a segregated phase near the tube surface. Cyclic
melting and freezing then causes ejection of non-soluble particulates and
accumulation of the segregated deposit.

A systematic variation in alkali metal content was not apparent until the data
were arranged in the sequence of Table III. Data for the slag tank sample are
listed first. Those for the precipitator hopper sample and the coal ashes are
listed last. Intervening data are in the saquence of increasing content of ferric
iron as inferred from color. Variation from the sequence of positions along the
flow path is a result of segregation of particulate matter and the action of re-
tractable blowers used periodically to blow loose deposits off tube surfaces. The
highest content of ferric iron was found in the hard deposit on the reheat super-
heater tube. Dusty deposits are blown off the tubes by the retractable blowers.
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Depending upon agglomeration, these tend to fall out in the economizer hopper or
carry through to the electrostatic precipitator. Absorption of the alkali metals
appears to be favored by the finely divided ferric oxide with some effect of
temperature on opportunities for sulfate formation. Temperatures are lowest in
the precipitator. Conditions are most favorable for reaction with-S§03 within

- deposits on the secondary superheater, location 2, and the reheat superheater,

location 3. Material balances are obscured by differences between the coals and

the unknown times required for deposit formation. High SO3 content in segregated
deposits is negligible in comparison to total flow over the time of their formation.
Relatively high content -in the precipitator sample is.offset by the larger portion

- of the total ash collected in the slag tank. Immeasurably lower content in the slag

tank sample is sufficient to provide material balance. The disproportionation of

MgO and S$i0y, in the deposit at location No. 3, the reheat superheater lead tube,

is explainable in terms of the results of intermittent operation of retractable

blowers. Acid formation and alkali adsorption extend through the interface be- .
tween the cemented deposit and the dusty outer coat. Basic constituents, as

against the acidic silica present in segregated particles, are preferentially

retained when the dust coating is intermittently removed by the blower action.

Recommendations for Future Study

Data presented here are for samples taken from a cyclone-combustion-fired-unit.
It has often been observed that these units produce reddish fly ash rather than the
typical gray fly ash from pulverized-coal-fired systems, indicating the presence of.
finely divided ferric oxide. Nevertheless, the data indicate the possibilities for
better understanding of the reactions involved in deposit formation. Supplemental
data on temperatures, gas compositions, and particulate samples taken from the gas
stream at various points along the gas flow path would be helpful. Preparation for
taking samples from less accessible positions would also be helpful. :

Laboratory studies of reactions between gases and mineral matter components
become meaningful only when interpreted in relation to the conditions and materials
that exist within actual steam generator systems. Laboratory studies' should be en~
couraged, but they must be coordinated with actual conditions in large steam
generatorss

Conclusions

1) Samples of fly ash and deposits were obtained from various locations in a
large, cyclone-fired steam generator.

2) Wide variations in color were due to variations in ferric oxide content.

3) Variations in alkali metal content were related qualitatively to variations
in ferric oxide content and temperatures.

4) Typical segrégated deposits of complex alkali-iron-alumina sulfates were
visually identified within the secondary superheater.

5) A hard deposit on the reheater superheater probably was formed by the
cementing action of sulfates formed within the pores of an overlying dusty deposit
and incremental buildup of cemented material left after each cycle of retractable
blower operation.
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Figure l.- Sampling locations in the cyclone fired steam generator.
Location 7, the precipitator hopper is not shown.



