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- FORMATION OF OXIDES OF NITROGEN IN PULVERIZED COAL COMBUSTION

By
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ABSTRACT
Nitrogen oxides are a poténtial atmospheric pollutant. Their
fofmatién énd decomposition were studied in an experimental pulQer;
ized furnace. Thé coﬁcentration of nitrogen oxides (NOy) was a

maxXimum in the combustion zone and decreased as the combustion gas

" cooled. At a coal burning rate-of 2 lbs an hour and 22 percent

excess air, reduction of nitrogen oxides was obtained by selective

secondary-air distribution. ~ With 105 percent of the stoichiometric

air fed to the coal-combustion zone and l7-percent additional air

fed just beyond the flame front,v62—percent reduction of NOy

occurred with good combustion efficiency. Lowering the quantity

of excess air lowered the NOy concentration, but at the expense of

.combustion efficiency. At 22-percent excess air fed to the primary

cdmbgstion zone, NO, concentration in the effluent was 550 ppm and
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carbon in the fly ash 2.0 percent. At S-percent excess air, the NOy

conczntration fell to 210 ppm and carbqn in the fly ash rose to 13.8
percent. At stoichiometric combustion the NOy was 105 ppm a re-
éuctionvof 81 perceht,’and the carbon 42.3 percent. kecirculation
of combustion gas was not an effective means of lowering NOy

formation.

INTRODUCTION

Any combustion process that produces high temperatures in the
presence of atmospheric nitrogen and oxygen will ;ield nitrogen
oxides as a ﬁroducti At the high temperatures obtained in internal
combustion engines and in thermal power stations, boilers, and
space heaters appreciable amounts of nitrogen oxides are formed.
Although nitric oxide (NO) is the predominaﬁt oxide formed during
combustion, once emitted to the 5tm05phere and hastened by sunlight
coaversion to the dioxide (NOj) occurs. Nitrogen dioxide has not
been considered a major air pellutant. Although average maximum
concentrations as Eigh as 0.45 ppm have been reported in the

atmosphere of major U.S. cities (l})a, it is well below the threshold

v

level of 5 ppm suggested by the American -Conference of Governmental

<

~
-’

4
_Underlined numbets in parentheses refer to items in the list of
references at the end of this report.
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Industrial Hygienists (l). Nitrogen dioxide, however, has been

indicted as a precursor of smog by reacting photochemically with
hydrocarbons in the atmosphere (9,15). Recently it has been

shown thét individuals suffering from cardiovascular dysfunction

are'impairéd by breathing smog-laden air (7). The California
‘Department of Public HealthAis currently evaluating the data on

oxides of nitrogen and their role in air pollution'to determine

i - .
whether air quality and motor vehicle emission standards should

‘be adopted regarding them (lljv

Changes in automotive-engine design and operation are -only

slightly effective in reducing emissions of oxides of nitrogen.

On the other hand the most promising methods at present for
reducing auto exhaust hydrocarbons haVe the effect of increasing

nitrogen okxides slightly (8).

Barnhard and Diehl»(é) showed that with a 2-stage combustion,
reduction éf nitrogen oxidgs occﬁrred in gés— and oil-fired boilers.
With 95 percent of theoretical air through the burners and 15 per-
cent through the auxiliary aif ports, nitrogen oxides concentration
for both gas and oil firing was reduced from 525 to 385 ppm--a 27
percent feduction. On oil firing with éOJpefcent of theoreticai
air through the burners And the balance through the air ports, the
NO, content was feducea from 580 to 305 ppm--a reduction of 47 per-
cent. Burners'for new statioﬁs of the Southern California Edison
Company were désignéd for two-étagé combustion (3) and existing ones

converted when outages could be arranged (4).



L

Sensenbaugh and Joﬁakin (14) showed‘that tangeﬁtial firing
gave consisteﬁtly lower &ox concentrations than horizontal firing
for both oil- and.g;s-firedbfurnaces. Because two-stage combustion
introduces a&ditional control problems they recommended standard
tangentialvfiring rather than tﬁo-stage combustioniwith horizontal
firing as a preferred tecﬁnique in reducing nitrogen oxides
formation.

There has been no work reported in lowering ﬁitrogen oxide

| formation in coal-fired furnaces despite the large role that coal
'energy_picturé—-accounting for 66 percent of the

'plays in the

utility fuel market. Projection of coal used in power generation

indicates a large gain from the 225 million tons in 1964-to 550
ﬁillion tons in 1980 .(12).

Because of the importance of coal combustion in the production
of nitrogén oxides and the pollution potential of those oxides, an
experimental program was undertaken in cooperation with the {.S.

Public Health Service to evaluate the factors in their formation.
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EXPERIMENTAL APPARATUS

- Furnace

This study was conducted in a pulverized-coal-fired furnace

capable of burning 1 to 4 1bs of coal per hour (10), The furnace

is fired vertically downward into the primary combustion chamber.

Thé combustion gases_pass'un&ér anlarch in the firsF chamber, over
a baffle iﬁﬁd a lafger secondary chambér, and then under a second
arch inté the furnace breech and é;t_the stack, figure 1 shows a
cross-secfion éf the furnace. The combustion air is metered"énd
divided into th;ée streams, iThe primary-ajr stream transports

the pulverized coal from the coal-feeder outlet. The secondary-

and tertiary-air streams control the flame pattern and maintain

ignition stability. -The'secondary air enters the furnade thfough
the burner in a tube concentric with that carrying the primary
air-coal mixture and mixes with that étream at the burner tiﬁ.
The tertigry air enters through two tubes as shown in figure 1.

The tertiary: air emerges horizontally from a hole near the bottom

"of dach tube tangentially. to the flame.
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Nine access ports are available for observation and sampling.
Any of these ports may be fitted with a éight glass or a flange to
admit a sampling probe. FIhe ports in figure 1, numbered 1 through
4 and stack, were used for sampling. Ports 2 and 3 were also adapted
for air injection dﬁring two-stage combustion. In thé air-injection
sysﬁcm part of the combustion air was preheated to.approximately
1,900° F and dispersed across the path of the combustion gases
just beyond the flame front. Figure 2 is a sectional view of the
air-injection s;stem in position at port 3. When air injection was

used at a port that location could not be sampled.

Probe

Gas samples were drawn from the furnace and temperatures measured

.with a shielded aspirating probe, shown in figure 3., These probes

-were built smaller in diameter than commercially available equip-

ment because of the limited volume of gas available for aspiration
in the experimental furnace. The probes carried Pt/Pt-10 percent Rh

thermocouples to measure temperatures at the point from which the

camples were taken. The thermocouple is protected from errors in

temperature measurement by two concentric radiation shields. The

base.is tapered outward at each of its three gas ports to allow
a gradual change of direction for the combustion gas minimizing £fly

ash deposition. The probe is water-cooled to the base of the
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radiation shielding. Gas is aspirated through the radiation ' ) - )
shielding to minimize the loss of heat by radiation from the
thermocouple. The effect of aspiratingAgas upon temperature
meésurement is shown in figuré 4. With no.aspiration'the .
temperature indicated was .2,125'0 F. The indicated temperature
‘increased with increasing volume of aspirating gas until a

maﬁimum temperature of 2,609o F was reached at 55 SCFH.
Additional éspirétion did not cause further temperature increase.
'Moving at a velocity of 100 ft)sec the gas in the probe is quencﬁed
from >2,000° F to 120° F in 0.02 second. High chilling rates are
necessary to prevent significant dissociation of the nitric oxide.

Sampling System

The sampling system including the probe is shown in figure 5.
The cystem is mobile and is shown in position on the furnace in
figure 6. One pump is high volume, low vacuum and sz2rves as the
aspirator; The second pump is low volume, high'vacuum and is
QSea to evacuate sample flask aﬁd tubing. Nitrogen oxides and
combustion gas are sampled simultaneously. The nitrogen oxides
werevanalyzed by the phenoldisulfonic acid method (2,6) and the

remaining components in the combustion gas were determined by ,
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Figure 6.- Sampling combustion gases from experimental pulverized-coal-
fired furnace.
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mass spectrometry. The values of nitrogen oxides reported here
include NO plus NO3. Né attempt was madé to determiﬁe these oxides
separately. 'Fdr:the nitrégen oxides determination a 1,600 cc .
sample was tgken. .Light»transmission in the treated sample was \
measured on aABausch and Lomb® "Spectronic 20" épectrophotometer
at a wavele;gth of 410-mp.
Fly ash was saméled isokinetically from the stack during these
tests and analyzed for carbon content to determine the éfficiency
of c§mbustion.
Goal
The coal used in tﬁese.tests was a high-volatile B bituminous.
The analysis is given in tab}e 1. This particular coal was chosen
for itsAhigh ash-fusion temperatureito eliminate plugging of the
érbbe caused by mélten'ash. The coal was graund so that 95 percent
of it would pass.through a 325-mesh screen before~beiné placed in
the feeder. The feeder isba vibrated screw of commercial design
driven by a variable speed'drive. The screw discharges on to an
inclined plane so as to eliminate pulsations in the coal feed due

to-the double-lead screw. The coél is picked up by the pfimary

. L \
combustion air as it drops from the inclined plane.
5 ' ‘ >
Reference to specific'makes or models of equipment is madé to.
facilitate understanding and does not imply endorsement of such
devices by the Bureau of Mines. N
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; - TABLE 1.- Analysis of coal

‘Proximate, weight percent

, MOiSture ==--s=m----e o omo oo sm—em—eoeo
! Volatile matter =---=--- bR L e LR LR -3
! : Fixed carbon ------ e ittt b 5
ASh ===mr-cmcemc e cem e

Ultimate, weight percent

Hydrogen -----====-m=c===m==m-mmeomecnooon-
Carbon === =-wmmm s m e 7

~ Heating value ------- e kb bbbt bbb b 13,670 Btu/1b

. Ash fusibility - initial deformation temperature- > 2,910° F
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EXPERIMENTAL RESULTS

Effect of Air-to-Coal Ratio

As a base case, coal was burned at 2 1bs an hour with combﬁstion
a#r.supplied'at 22 ﬁercent in excess of ;toichiometric requirements.
The total combustion air was distributed as follows: 22 percent
primary, 5 percent secondary, and 73 percent tertiary. Oxides of
nitrogen reached a maximum concentration of 780'ppﬁ at the point

of highest measured temperature of the flame, 2,440° F, .and deérgased
to 550 ppm. at the.stack as the combustion gas cooled., As the gas

cools nitric oxide dissociates into N2 and Oy, however the rate

SN . :
of dissociation decreases rapidly with falling temperature. Although

the temperature of the combustion gas leaving the stack in this
experimental unit is 500°-600° F higher than the gas leaving the
stack from a power plant, this additional cooling would have very
little effect on the NO, concentration. An NOx concentration of
550 ppm at 4.0 percent oxygen is the equilibrium concentration at
2_,250O F. Carbon content in the fly ash was 2,0 percent indicative

of 'a carbon combustion efficiency of 99.8 percent.
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On lowering the quantity of combustion air to 105 percent of
stoichiometric- the NOy concentration at the stack was lowered to
N . L]

210 ppm, a reduction of 62 percent relative to the-base case. The

‘carbon content in the fly ash rose to 13.8 percent--a carbon com-

bustion'efficiency.of 98.peréent. Further lowering of the combustion.
air to stoichiometric decreased the NO, content to 105 ppm--a re-
dgctién of 81 perceht. However the carbon content of the fly ash
rose to 42.3 pércentﬂ These results are plotted as curves 1, 2,

and 4 in figure 7 énd tabulated in table 2.

Two-stage Combustion

As industry prefers‘to operate its pulverized-coal-fired
furnaces at excess air levels of approximately 20 percent because
of considerations of heat transfer and combustion efficiency, it
was decided to maintain about 20 pércent excess air and at the same
time take advantage of the effect of reduced air flow in the flame

on NOy formation. This was accomplished by supplying 5 percent

" excess air in the primary combustion zone and injecting additional

air for secondary combustionvjust beyond the flame front, as shown
in figure 2, to bring the total excess air to 22 percent. The
injected air was heated to 1,940° F, the combustion gas temperature

at point of admittance in port 3, and dispersed in front of the
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flame zone thrdugh a series 1/32-inch apertures. This high preheat:

was necessary to prevent quenching in this small unit and would not - v
be necessary in a commerci&l installation. The concentration of NO,
at'the stack was 210‘ppm; a reduction of 62 pefcent‘compared to the
baée case, and equal to that obtained in the earlier test using a
total of 105 percent of-the stoichiometric air requirement., With

the abové‘Z-gtage opefation the carbon in the fly ash was 6.6 per-
cent--a carbon combustion efficiency of 99.2 percent. Comparison

.of the 2-stage operafion with single stage opération of 5 and 22
percént excess air is shown in figure 7. By injecting the 17 percent
additional air into port 2lrather than port 3, the air entered in

the tip of thé flame rather than downstream of the flame. As shown
in table 3 the NOy concentration at the stack was 326 ppm, a re-
JUCtion of 42 percent?.and the cgrboﬁ in the fly ash was approxi-.
mately the same, 7.3 percent. For another comparison a stoichio-
metric amount of air was admitted in the pfimar& combustion zone
with 22 percent additional in port 3. The NO% concentration at the

stack was 265 ppm and the carbon in the fly ash 14.6 percent.
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Gas Recirculation

Recifculation of flue gas is used in boiler operation to.maintéin
thermal efficiency under reduced load. As recirculation lowers the
flame temﬁerature it could result in 1ow;ring the nitrogen oxide
coﬁcentration. To test this ﬁypothesis, flﬁe gés was taken from
the stack at 900° F mixed with ‘the tertiary combustion air, . and
returned to the furnage through the tertiary-air inlet tubes. A
sketch of the recycle system is shown in figure 8. The volume of
recirculatedbgas fanged from O to 22 percent of the total com-
bustion air. Flue.gas addition'in the larger QOIUmes decreased
the stability of the flame. The oxygen content in the combustion
zone increased and the flame temperature decreased with gas re-
circulation. Theée two effects counteracted each othgr in the
formation of nitrogen oxides. Withoqt gas recirculation the NOx
concentration in the stack was 4%0 ppm. With 10 and 15 percent
recirculation there was no decrease in the‘NOx content although
‘the flame temperature decreased from 2,580° to 2;490° F. At 20
pgrcént recirculation the NOy coﬁtent dropped to 420 ppm a decrease
of 14 percent. The flame temperature at this higher rate of gas
recirculation was still lower, 2,380° F. ”This small decrease in
NO, is not coﬁsidered sufficient to warrant use of gas recirculation
as a means of reducing nitrogen oxide pollution. These results are

given in table 4.



*Apnis 9pIXO DTIITU UT Sased 9NTF JO UOTIBINDITORY -°g 2an3Ig

so0b an|4

_ _ . : 110 Kiopuodag
, . _ , . :

wooug| ) i
12048 103K
L }30Inyg

: i 10023 pub JiD
134owmopy H
: - -__ . a-\ — ._Oﬁquw ) >._OE_._n_

10
Kionysay

ebig- A v9-li-6




N 1°% 016 ozcYy <ty 0S8T - 09% g8°¢t 0102 09% 1°¢ ov1e (11974 'z 08¢€Z 0¢L ze”
o'y 0s6 00% Ly 0Z81 01 1'% a%0¢ (¢139 1°¢ 00T - 00§ €2 06%¢ 09¢ ST°
0% o%6 . 00S o'y 0981 009 1°¢ ‘0861 019 6°¢ . 0822 ovL 2°C . 0TSse ozt 010
1'% 0T6 o6vy . £y . 0281 01§ L°€ 020? oS (44 012¢ 09¢% 71 08%¢C 00L ‘ 0
= a, wdd T , wdd 7 a, wdd - % 4 wdd % mm wudd ITe Uvorasng
o ‘dwel  ‘¥oN ‘To ‘duey ‘XoN ‘20 ‘dwey ‘¥oN ‘Co ‘dwey ‘Xon ‘C0 ‘dwer  ‘¥oN -wod 03 sesd
}o€3g T ON 3104 € ON 3103 7 ON 310d T ON 3i0od Po3RINDITO1
_ 30 or3ey

UOTIBTNOITO9I Sed BuIsSn SUOTITPuUOd JUIJPIDAO 20BUING -°H TIAVI




25

Combustion Temperature

The effect of flame temperature in the primary combustion zone
upon nitrogen oxide formation was investigated. The flame tempera-

ture was varied by adjusting the coal feed rate from 1 to 4 lbs of

pulverized coal an hour. At these coal rates the heat flux ranged

from 18,000 to 72,000(Bt§/hr ft3ﬂ The heat flux in a commercial
pulverized-coal-fired furiace may range from S0,000.to 100,000

Btg/hr ft3f The combustion air was maintained at 122 percent of
stoichiomgfric fequirements. Flame temperatures measured in the
center of the primary combustion zone were 2;280, 2,440, and 2,860° F
bufning coal at 1, 2 and 4 1b an hour. NO, concentrations varied

with the coal burning rate and the temperatures in the furnace--a

maximum concentration of 330 ppm was obtained at the maximum coal

rate. NO, concentrations dropped as the combustion gas was cooled
flowing through the furnace. Stack concentrations of NO, were 320,
550, and 745 ppm, respectively. At 1 lb of coal an hour combustion

aas temperatures dropped rather rapidly in the system resulting in

" the higher carbon content in the ash of 13.3 percent. These results

" are given in table 5 and plotted in figure 9. Although increasing

the coal burning rate increases the temperature of combustion, other
secondary cffects such as gas residence time and intensity of

radiation may also play a role in nitrogen oxides formation.
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CONCLUSIONS

1. In pulverized-coal combustion the concentration of nitrogen
oxides in the stack variés directly with.excess air énd the flame
temperature. Although thé NOyx concentration in the furnace effluenf
fell as the amount of excess air was lowered, the cohbustion
efficiency waé adversely affected and very likely in a commercial
installatioﬁ the rate of heat transfer across heat—absorbing surfaces
would be.similarly affectea. At 5-percent excess air fed to the
primary combustion zone compared with 22 percent; a 62-percent
reduction of NOy was obtained at carbon combustion efficiencies of
98 percent.-

2. By supplying 5-percent excess air to the primary cohbustion
zone and an additional 17 percent injected just beyond the fiame
front the same reduction in NO, was obtained as by operating at a
total of only 105 bercent of stoichiometric air. In addition the
carbon combustion efficiency was improved--achieving 99.2 percent.
With this injection technique not only is a substantial reduction
in nitrogen oxides obtained but as the same amount of air is used
as. in conventional coal-burning plants no significant change in
equibmgﬁt is fequired and the same rate of heat transfer is expecte&°

3; Gas recirculation was not effectivelas a means of lowering
nitrogén oxides formation. No sizeable reduction was obtained with
gas recirculation rates as high as 22 percent of the combustion

air rates.
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CONTROL OF CONTAMINANT EMISSIONS
FROM FOSSIL FUEL-FIRED BOILERS *

by -
RALPH E. GEORGE #
and

ROBERT L. CHASS =%

INTRODUCTION

There are.at least three basic environmental clements which must be con-
sidered when examining the nceds and the future of mankind. These are
land, watcr and air., IFor the most part, land and water have been recog-
nized as limited resources and society has been fairly astute in developing
methods for their conservation and improvement. Society has not been

so discerning, however, with regard to the third element, without which

we would cease to exist,- The air we breathe has traditionally been re-
garded as a free and inexhaustible commodity. IFor years it has been used
as an aerial dumping ground for noxious, odorous, and toxic vapors and
gases and other contaminating materials. Because of its vastness, it

is often difficult to conceive that man's activitics could seriously affect

its quality, Only recently have all segments of this country become aware
that therve arc real and observable limits to the extent to which man can
continue to contaminate this precious resourcc. We have come to realize
that we can no longer encroach upon the air we breathe and that something
must be done to prevent its further deterioration,

“Interms of need, the air we breathc is of paramount importance, In terms

«f the actual volumes inspired, our necds are comparatively small, however,
when contrasted with the tremendous volumes of air consumed in com-
bustion processes. It has been estimated that each person in the world has
about sixty billion cubic feet of air at his disposal. Since the average

dailv personal intake for breathing is only about three to four hundred cubic

* Presented at the 151st National Mceeting of the American Chemical
Socicty, Penn-Sheraton lotel, March 22-23, 1966, Pittsburgh,
Pennsylvania. :

5 Senior Analyst, [.os Angcles County Air Pollution Control District.

&= Chief Deputy Air Pollution Control Officer, Los Angeles-County
Air Pollution Control District.
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feet, the air supply would seem to be almost inexhaustible. Population
densities, meteorological conditions and topographic factors, however,
impose restrictions in some areas on the available supply. For example,
in the Los Angeles Basin, when the inversion base is at one thousand feet,
there is available roughly five million cubic feet of air per person. On

a day of severe smog, the inversion base may be as low as 100 feet, so
that the air availabie is only one-tenth as much or about five hundred
thousand cubic feet per person, This is about the same volume of air
that the air conditioning industry has estimated is required by a person
for his comfort. Air required for the combustion of fuels in the Los
Angeles Basin approximates five to six thousand cubic feet per person
per day. In terms of actual weight, more air than fuel is used in all
combustion processes, including the burning of gasoline in motor vehicles
or the burning of fuel oil and coal in steam-electric generating power
plants. These combustion processes deplete the natural supply of oxygen
in the air and replace it with potentially harmful air contaminants, Thus,
the available supply of air is diminished as the demands placed on it
become greater,

An eminent scientist and international expert on air pollution recently
warned that, "the world's atmosphere will grow more and more polluted
until a century from now it will be too poisonous to allow human life to
-survive--"'. This statement may seem rather dramatic, but others have
also expressed a similar concern about air pollution, The late President
Kennedy underlined this concern in his 1962 health message to Congress
when he said, "Fresh air cannot be piped into the cities nor can it be
stored for future use. Our only protection is to prevent pollution”,
President Johnson in his message last year to the Congress pointed out .
that air pollution is no longer confined to isolated places and referred
to the health hazard present as a result of air pollution, along with loss
of efficiency, reduction in property values, and added costs to the nation.
He referred to motor vehicle pollution and to many other sources,
particularly the contribution of stationary combustion sources and to the
-extent that sulfur dioxide and other contaminants were being added to the
atmosphere from the burning of fossil fuels,

The effects of air pollution are many and varied and all are objectionable
and undesirable. Polluted air is harmful to our health, it damages
vegetation and property, offends our senses and lessens our enjoyment

of life. Without a doubt, the most serious problem in air pollution today
is that which results from the combustion of fuels. ¢

N\

AIR POLLUTION FROM COMBUSTION SOURCES

The extent of an air pollution problem may be measured in a variety of
ways--in terms of quantities.of contaminants emitted, atmospheric con-
centrations, and in terms of effects such as health, damage to vegetation‘s

reduction in visibility, rubber cracking, or just plain dirt. The acute
\
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effects of air pollution on health are well documented by disasters in
England and in the United States. We know from these incidents that
prolonged periods of atmospheric stagnation can result in a buil d-up

of contaminant concentrations which can be lethal. The effects on health
from continued exposure to lesser concentrations of air contaminants are
not so well documented but are nevertheless recognized by the medical
profession. [t is noteworthy that high atmospheric concentrations of _
sulfur compounds have been associated with each of the disaster incidents,
For the purpose of this discussion we will examine the air pollution
problem from combustion sources in terms of emissions.

Nationally, the air pollution sources requiring the highest priority of
attention are motor vehicles and fuel burning, principally for steam-
electric power generation. The importance of fuels combustion processes
was brought into sharp focus recently in a staff report on air pollution

- to the Committee on Public Works of the United States Senate __/, in which

it was stated, "These processes replace usable air with potentially harm-
ful pollutants, and the capability of the atmosphere to disperse and dilute
these pollutants--especially in urban areas where people, vehicles, and
industries congregate in even greater numbers--is strictly limited.”

~The burning of fossil fuels generates a variety of air contaminants ranging

from visible aerosols to invisible inorganic and organic gases, Aerosols
is a generic term used to include all solid and liquid particulate matter,
including ash, carbon, and sulfur trioxide. The gaseous combustion
contaminants include oxides of nitrogen, sulfur dioxide, hydrocarbons,
and carbon monoxide, The combustion products from boilers and heaters
are sulfur dioxide and its oxidation products, oxides of nitrogen and
particulate matter. Carbon monoxide and hydrocarbons are the products
of incomplete combustion. The principle source of carbon monoxide and
hydrocarbon emissions to the atmosphere is the motor vehicle. In contrast
to motor vehicle emissions, the production of carbon monoxide and
hydrocarbons from boilers and heaters is virtually negligible, The over-
whelming burden of emissions of sulfur oxides, oxides of nitrogen and
particulates in the United States today is that originating from the burning
of coal and fuel oil in stationary combustion sources. Thus, combustion
has a large influence on the quality of the atmosphere in most urban areas.
Some of the contaminants from combustion processes are objectionable in
the form in which they are emitted, while others are converted into
objectionable products after they enter the atmosphere. The best known
example is the reaction involving hydrocarbons and oxides of nitrogen in
the presence of sunlight resulting in the production of eye irritating and
visibility reducing materials contributing to the characieristic conditions
often referred to in Los Angeles County as "amog',

Aerosols and Visible Plumes

For many years visible smoke plumes have been the most obvious man-
ifestation of air pollution from combustion processes. Plumes varying in
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color from grey to black are produced by finely divided carbon particles
entrained in the effluent. This plume phenomenon usually occurs from
the combustion of coal and fuel oil. A black smoke plume is indicative
of inefficient utilization of fuel and for the most part is not tolerated in
large industrial operations. Fuel economy is not equally important,
unfortunately, in the operation of most small industrial, commerecial

and residential installations; and, as a result, these are chief sources
of smoke. The obvious remedy for smoke pollution is proper combustion
equipment, improved operation and better fuels,

White or yellowish smoke plumes from oil fired boilers and heaters are
due principally to sulfur trioxide present in the stack effluent and, to
some extent, to particulates which are microscopic in size, varying
from one micron to less than one-half micron in diameter., - T2 light

. scattering ability of particles in this size range is most pronounced, The
quantities of particulates from fuel oil combustion are small when com-
pared with those produced by coal burning. Tests on power plant steam
generators.show that sulfur trioxide in concentrations of as little a8

3 parts per million cause a visible plume, At stack concentrations of

. 15 ppm of SO3, a conspicuous plume was emitted 2/. This kind of a
stack plume cannot be eliminated by more efficient combustion methods.
Typical stack gas particulate loadings for an oil-fired steam generator
without controls vary from 0.02 to 0.03 grain per standard cubic foot.

A comparable coal-fired unit will produce stack concentrations of the
order of 1.5 to 4 grains per std. cu. ft, Removal of sulfur trioxide

and sub-micron particulates by mechanical collection and electrostatic
precipitation has proven unsuccessful for plume control.

Sulfur Dioxide

Quantitatively, sulfur dioxide is the most significant combustion con- _
taminant. The role of sulfur dioxide in atmospheric pollution has received
a great deal of investigation and public attention in the past and is now
recognized as a most important air contaminant, With pulverized coal
firing, 95 per cent or more of the sulfur in the coal is converted to

SO9 and discharged in the stack effluent. A small amount of the sulfur

in the coal may remain in the ash3/ With fuel oil firing, virtually all

of the sulfur is discharged as SO,. Approximately 1 to 3 per cent of

the total sulfur oxides are discharged as £Oj3. )

Oxides of Nitrogen

Oxides of nitrogen are the other important air contaminants produced

from the burning of coal and fuel oil; and, to a lesser extent, from natural
gas. In all combustion processes, some of the nitrogen in the air re-
quired for combustion is fixed as nitric oxide. Boiler furnaces, particularly
the water-wall types used in large steam generators, offer extremely
favorable conditions for the formation of nitrogen oxides. Flame
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temperatures can exceed 3000°F. in these furnaces and both oxygen

and nitrogen are present in appropriate concentrations for fixation to
occur. The extent of fixation is influenced primarily by flame temp-
erature and length of time that the combustion air is in contact with the
high temperature flame zone. Other factors influencing the fixation may
be classified generally as fuel variables, operating variables, burner
and furnace design variables. Coal usually produces a higher yield of
nitrogen oxides than fuel oil, with the least amount being produced by
natural gas, * -

Dimensions of the Problem .

The principle sources of emissions of the three major air contaminants--
aerosols, oxides of sulfur and oxides of nitrogen--are the combustion

of fuels for heat generation for industrial uses, space heating, thermo-
electric power generation and for transportation. These sources may -
be divided into two broad categories~-stationary sour ces and moving
sources. Moving sources encompass trains, ships, aircraft and motor
vehicles. For purposes of comparison here, however, we will use

only motor vehicles as this is the major contributor. The burning of
fuels in stationary combustion sources is the major source of air
pollution in the nation today.

Based on the 1965 consumption estimate of 70 billion gallons of gasoline,

motor vehicle emissions, as shown in Table I, amounted to approximately
4,75 million tons of nitrogen oxides, 150,000 tons of sulfur oxides and
425,000 tons of particulates, 4/ '

TABLE I

EMISSIONS OF AIR CONTAMINANTS FROM
MOTOR VEHICLES IN THE UNITED STATES, 1965

CONTAMINANT THOUSANDS OF TONS PER YEAR
Nitrogen Oxides - 4745
Sulfur Oxides 150
Particulates : 425
Gasoline Consumptim -- 70,000,000 Gallons Per Year

The burning of coal, fuel-oil and natural gas contributes over 6.6
million tons of nitrogen oxides or nearly 2 million tons more than that
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produced by motor vehicles, Stationary combustion sources contribute
over 99 per cent of the sulfur oxides produced and approximately 95 per
cent of the total particulate emissions, as shown in Table I,

TABLE II

COMPARATIVE EMISSIONS OF AIR CONTAMINANTS FROM
MOTOR VEHICLES AND COMBUSTION OF FUELS IN
STATIONARY SOURCES IN THE UNITED STATES, 1965

Contaminant Emissions, In Thousands of Tons/Year

Nitrogen Oxides Sulfur Oxides

Source (as NO9) (as SOz) Particulates
- Motor Vehicles 4,745 (429) 150 (1%) 425 (5%
Stationary Combustion : :
Sources , 6,600 (58%) 20,800 (99%) 7,640 (95%)
Totals 11,345 (100%) 20,950 (100%) 8,065 (100%)

In Table IIl a summary is shown of the approximate quantities of coal,
fuel oil and natural gas burned annually in the nation and the annual rate
of emissions of nitrogen oxides, sulfur oxides and particulates. The
total of these three fuels burned anrually approximates over 5 billion
equivalent barrels, Of this total, coal and fuel oil, including both
distillate and residual fuel oils, supply in nearly equal proportions
approximately SO per cent of the total fuel requirements in the United
States. The remaining 50 per cent, or approximately 2.5 billion equiva-
lent barrels, is supplied by natural gas. In the order of their pollution
potential, coal burning is uppermost, with fuel oil second in importance
and natural gas third. Coal burning in stationary sources produced ap-
proximately 3 million tons of nitrogen oxides, or over 45 per cent of the
total quantity emitted by all stationary fuel burning sources. Fuel oil
burning resulted in emissions of 2.1 miilion tons and natural gas, 1.95.
million tons. - The burning of coal is also the major source of sulfur oxides
emissions. Combustion of coal produces 16 million tons or, 77 per.cent
of the annual emissions of sulfur oxides. Fuel oil burning results in
emissions of about 4,8 million tons or 23 per cent of the total annual
emissions of this contaminant, Emissions of sulfur oxides from natural
gas are negligible,
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TABLE II1

ESTIMATED ANNUAL FUEL CONSUMPTION AND EMISSIQNS FROM
COMBUSTION OF FUELS IN STATIONARY SOURCES
IN UNITED STATES, 1965

Contaminant Emissions, Thousands of Tons/Year

Millions of Nitrogen Oxides Sulfur Oxides
T‘uel Type Equiv. Bbls, (2) (as NOy) - (as SOy) Particulates
Coal o 1300 (259 3,000 (45%) 16,000 (77%) 7,000 (92%)
Fuel Oil 1230 (25%) 2,100 (32%) 4,800 (23%) 540 (7%)
Natural Gas 2500 (50%) 1,300 (23%) Negligible (b) 100 (1%)
‘Totals 5,050 (100%) 6,600 (100%) 20,800 (100%) 7,640 ¢100p)

(a)  Tuel Oil Heat Equivalents: i Ton of Coal = 4 Bbls. of Fuel
Oil = 24,000 Cu. Ft. of Natural Gas

(b) Less Than 3000 Tons Per Year

The JFuture

We can expect that air pollution effects will increase at least in pro-
portion to increases in emissions. The most dismal outlook for the
future is to assume that thére will be no changes in control technology
and in current control efforts; consequently, future emissions would be
calculable by applying factors which represent estimates in the increase
in the number and the size of sources accompanying increase in fuel use
at some future date. Almost every projection of social and economic
activity between now and the year 2000 indicates that fuel use and emissions
vl multiply many fold, Over a quarter of a million industries in the
ration are expected to double their activities every 20 years; pollution
from thermal power production is expected-to increase at a rate of some
20 per cent cach year. Forcasts have been made by some authorities
which indicate that, by the year 2000, fifty per cent of the U.S. electric
generating capacity will be nuclear ; nevertheless, it is expected that
fossil-fuel fired steam-electric generating capacity will double by 1980
and redouble by the year 2000. Another appraisal has been made on.

the assumption of -controls at the maximum level that technology will
allow, Such estimates show, in the case of 502 emissions, a 20 per cent
increase by 1980 and a 20 per cent decrease by the year 2000, This means
that if everything technically possible is done, pollution will "break even"
by the year 2000.
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Today, while we still do not know all we would like, we have learned a
great deal about air pollution and its control, and there are very few
industrial emissions that cannot be controlled. Much technology is
available which is not now being used in the control of pollution from com-
bustion sources., Often the reasons for this are not technical but social
and economic,

The unit processes of contaminant removal from combustion effluents are
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particulate removal by filtration, centrifugal separation, electrostatic

precipitation, fabric filtration; and gas or vapor removal by absorption,
adsorption or scrubbing. - Some systems use intermediate steps such as
agglomeration to aid particulate removal, the use of additives or chemical
‘ reaction to change the character of the gas or vapor to aid in its removal,
Sufficient knowledge is available about each of these processes to enable
the design of systems for particulate, gas and vapor removal where
contaminant concentrations are relatively high. However, at lower
concentrations current control methods become increasingly difficult

and costly, to the point where, as in the case of removal of sulfur

- dioxide from combustion effluents, new technology is needed. In such A
cases, the approach to control must necessarily seek to prevent the form-
ation of the emission. J

Heat Generation for Industrial Uses and Space Heating

e TN L e

The technology to reduce air pollution effects from emissions associated 1
with heat generation and space heating includes:

Le

Promotion of more efficient combustion of fuels assisted
by equipment standards and ordinances, X

Stringent fuel specifications with respect to ash, sulfur, {
volatility, etc. ‘ '

Methods to reduce emissions of nitrogen oxides.
Restriction of fuel types.

Substitution of natural gas for oil or coal,

Generation of Electricity

The technology to reduce air -pollution effects from emissions associated
with the generation of electricity includes:

i. Increasing plant efficiency so that less fuel is needed to

produce a given amount of energy.
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2. Increasing the efficiency of power distribution and utilization
so that total energy requirements are lessened.

3. Increasing the use of nuclear and hydroelectric geﬁeration
systems.

4. Reducing thé emissions of contaminants produced by fossil-
fuel burning power plants by such means as:

a. For sulfur oxides emissions,
(1) Use of lower sulfur béaring fuels.

(2) Use of means for removing sulfur oxides from the
effluent,

b. For nitrogen oxides emissions,

(i) Use of fuels which produce lesser amounts of
nitrogen oxides.

(2) Use of means for preventing the formation of
nitrogen oxides.

c. [For particulate emissions,

(1) Use of fuels which produce lesser amounts of
" particulates.

(2) Use of moreefficient particulate collection equipment.

Technology is not too adequate today for controlling the contaminants
emitted from fossil-fuel fired steam generators, particularly sulfur
-oxides and nitrogen oxides emissions. More often than not, the problem
of air pollution from the combustion of fuels is only solvable in a rel-
atively straight-forward manner, such as by the substitution of fuels,
This has been the approach to control adopted by the Air Pollution Control
District of Los Angeles County. A similar but much less stringent
effort to control emissions from combustion sources was recently
adopted by the City of New York.

L.LOS ANGELES COUNTY VS. NEW YORK CITY - A CASE STUDY

In New York City, sulfur dioxide is considered one of the major air
contaminants. A recent Public Health Service study of more than 40 cities
showed that New York has the highest average (0. 16 ppm) and also ex-
periences the highest average yearly maximum (0. 37 ppm) atmospheric
concentrations of sulfur dioxide2/ The primary source of sulfur dioxide
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emissions in the City is the burning of fuel oil and coal in stationary
combustion sources. In October 1964, New York City adopted an ordinance
limiting the sulfur content of solid fuel and residual fuel oil to 3.0 per
cent, This is to be progressively reduced to 2. 2. per cent over a period
of 5 years, The ordinance also restricts the sulfur content of No. 2 fuel
o0il to 1 per cent, A recent survey of fuel use showed that No. 6 fuel oil
burned in the City currently averages 2, 31 per cent, Other fuel oils

as well as coal now used in the City already meet or are substantially
lower in sulfur content than that ultimately required by the ordinarce,

In essence, the ordinance restrictions are inadequate to curb emissions

of sulfur dioxide. In fact, emissions of this contaminant can be expected
to increase many fold just as fuel requirements will increase. No processes
or equipment have yet been advanced that will reduce substantially all

of the contaminants that result from the combustion of solid and liquid
fuels. Some progress has been made, however, in methods for removing
some of the sulfur compounds and some of the particulates, In view of
this, it has been the official determination of the L.os Angeles County Air
Pollution Control District that the only practical approach to the control

of emissions of these contaminants from stationary combustion sources

is to use natural gas as a fuel. '

Comparative Statistics for New York City and LLos Angeles County

The following analysis of fuel usage in New York City in 1964 is based

on the fuel consumption estimates found in the City Council Report M~970
(Low Report) and on data obtained from the Consolidated Edison Company
and the Air Pollution Control Department of New York City. To facilitate
fuel use comparisons shown in Table 1V, the quantities of the various
types of fuels used are expressed in terms of equivalent barrels of fuel
oil.

New York City has a land area of 320 square miles, or roughly one-
twelfth of that in Los Angeles County. It has a population of over 8
million or more than I million greater than Los Angeles County. In 1964
the total energy and heating requirements of the City required the burning
of nearly 140,000,000 equivalent barrels of fuel oil. This fuel require-
ment was nearly 25 per cent greater than that of 1Los Angeles County in
the same year. Of greater significance, however, is the manner in which
these fuel requirements were met, Approximately 20 per cent of the total
of all fuels burned was coal and 60 per cent was fuel oil which, in large
part, was a high sulfur bearing residual type of oil, The remaining 20
per cent of the total fuel requirements was supplied by natural gas, Of
the total gas consumed, over 32 per cent was burned by Consolidated Edison
Company. By contrast, in Los Angeles County, approximately 80 per cent
of the total fuel requirements wercsupplied by natural gas. No coal is
burncd in Los Angeles County, and for all practical purposcs, the only
fuel oil burned is that which is burned by power plants and refineries out
of necessity when natural gas supplies are curtailed to these consumers
during the period from November 16 to April 14.
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TABLE IV

COMPARATIVE STATISTICS FOR NEW YORK CITY AND
LOS ANGELES COUNTY, 1964

Los Angeles County  New York City

Population ’ 6,800, 000 8,000, 000
Land Area, Sq. Miles _ 4,083 320
Steam-Electric Utilities '
. No. of Plant Locations 11 16
No. of Boilers e 60 . : 107
Steam Generation, M lbs hr 35,000 45,000

Summary of Fuels Consumed--Equivalent Barrels *

Los Angeles County  New York City

Coal o | 0 (0% 27,848,000 (20%)
Fuel Oil 9,574,000 ( 8%) 82,752,000 (60%)
Natural Gas . 89,505,000 (80% 29,270,000 (20%)
Refinery Make Gas 14,337,000 (129 {Unknown)

Totals : 113,416,000 (100%) 139,870,000 (i00%)

Contaminant Emissions from the Combustion of Fuels, Tons Per Day

) Los Angeles County New York City

Avg. Space Max. Space Avg. Space Max. Spce
Heating Day Heating Day Heating Day Heating Day

Particulate Matter - 20 75 380 725
Nitrogen Oxides (as NO9) 195 380 615 1030
Sulfur Oxides (as SO9) 15 660 . 1800

2965

* One ton of coal is the heat equivalent of 4 barrels of fuel oil,
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The burning of fuels in stationary combustion sources on an average
space heating day in New York, as shown in Table IV, produces 1800
tons of sulfur oxides, over 600 tons-of nitrogen oxides and 380 tons of
particulates. On a comparable space heating day in Los Angeles County,
the burning of fuels produces only 15 tons of sulfur oxides, about 200
tons of nitrogen oxides and 20 tons of particulates, On a maximum space
heating day in New York City, fuel burning in 1964 produced nearly 3000
tons of sulfur oxides, over 1000 tons of nitrogen oxides and 725 tons of
particulates, = In contrast, in L.os Angeles County, on a maximum space
heating day, fuel burning produced 660 tons of sulfur oxides, 380 tons

of nitrogen oxides, and 75 tons of particulates,

'Control of Fuel Oil'Burning in Los Angeles County

The industrial fuel requirement of Los Angeles County are met in quite

- a different manner from that of the rest of the country. Together, fuel
0il, natural gas and refinery produced fuel gas supply essentially 100 per
cent of the County's fuel requirements. In terms of total air contaminants
emitted to the atmosphere, fuel oil burning by industry, including a re-
finery complex which is the third largest in the nation, and particularly
by steam-electric generating power plants, is a major contributor, Fuel

" oil burning is the largest source of sulfur oxides emissions and.particulates,

and the second largest source of nitrogen oxides. Accompanying the un-
‘precedented population and industrial growth of Los Angeles County has
been the growth in demand for electric energy; energy which in this

area is produced almost entirely by steam-electric generating power plants,

In the last fifteen years, the population of Los Angeles County has-in-
creased more than 60 per cent. In the same period of time, the thermo-
electric power requirements have more than quintupled, going from 4.5
billion kilowatt-hours per year in 1950 to nearly 23 billion kilowatt-hours
per year in 1964, To produce this amount of electrical energy in 1964,
power plants burned the equivalent of nearly 35 million barrels of fuel

oil. The total of all fuels burned in 1964 by all industry approximated

73 million equivalent barrels. In Table V a breakdown is shown of the
annual consumption of fuels in 1964 by the various major source categories,
both for Los Angeles County and New York City. Of particular interest

is the pattern of fuel use by the commercial and residential category of
consumer. In Los Angeles County, natural gas is used almost exclusively
by this category of consumer, while in New York City fuel o1l is the
predominant fuel,
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COMPARISON OF FUELS CONSUMED IN
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TABLE V

NEW YORK CITY AND LOS ANGELES COUNTY, 1964

Los Angeles County

Annual Fuel Consumption, in Equivalent Ba'rrels

New York City

Steam-Electric

0

Coal 21,928,000
Fuel Oil 7,830,000 - 13,350,000
Natural Gas 27,020,000 9,500,000
Sub-Tortal 34,830,000 44,778,000
Industrial
Coal . 0] 1,600,000
Fuel Oil 1,744,000 3,992,000
Natural Gas 21,604,000 3,670,000
Refinery Gas 14,337,000 (Unknown_)_
Sub-Total 37,685,000 11,262,000
Commercial and
Residential ' :
Coal 0 4,320,000
Fuel Oil Neg. 63, 410,000
Natural Gas 40, 881,000 16,100,000
Sub-Total 40,881,000 83, 830,000
Grand Total 113,416,000 139,870,000
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The need for control of pollution from fossil fuel fired boilers must
consider the types and quantities of fuels consumed and the nature and
magnitude of the contaminants emitted. At the same time, consideration
must be given to the expected increase in thermal energy demands re-
sulting from community growth and the air pollution potential of fossil
fuels expected to supply this demand.

We have estimated that there are some 4000 boilers and heaters, including
60 large power plant steam generators, now operating in L.os Angeles ’
Couuty which are fired either with fuel oil or natural gas or with.some
combination of these two fuels. The total number of individual stationary
combustion sources, including small domestic and commercial units,
approximates over 7,000,000. The magnitude of contaminant emissions
resulting from the combustion of fuels in these sources is extremely

large when compared to the total quantities of such contaminants emitted

- from all sources. Experience has shown that these contaminant emissions
can be reduced greatly by the use of natural gas in lieu of fuel oil, and
that reductions already accomplished through partial substitution of
natural gas have had a measurable impact upon the air quality of Los
Angeles County,

Fuel oil burning in LLos Angeles County produces three times as much
sulfur oxides as produced by all other sources combined, including
motor vehicles; as much particulates as would be emitted by 30 completely
uncontrolled open hearth steel furnaces; and as much oxides of nitrogen
as one million automobiles. Steam-electric generating power plants
produce nearly 90 per cent of the total of sulfur oxides, nitrogen oxides
and particulates emissions from fuel oil combustion. As shown in.
Table VI, the burning of fuel oil in-a power plant results in the emission
of over seven times as much pollution as does the use of an equivalent
amount of natural gas. In addition to achieving substantial reductions in
nitrogen oxides, amounting to over 50 per cent, the substitution of natural
gas for fuel oil results in almost complete elimination of both sulfur
oxides and particulates,

In view of these findings, a responsible public agency could reach only

one conclusion-~that fuel oil must be replaced by a superior fuel, To
curb emissions from fuel oil burning, the Los Angeles County Air Pollution
Control District adopted Rules 62 and 62.1, which, in effect, require the
use of natural gas in lieu of fuel oil. Total air pollution studies have
shown that in 1964 these rules prevented average daily emissions of 330
tons of sulfur oxides, nearly 100 tons of nitrogen oxides and approximately
20 tons of particulates. In addition, the rules have prevented other
objectively verifiable problems traceable to fuel oil burning, including

the occurrence of esthetically offensive visible plumes which much of the
time are also in violation of opacity restrictions, generalized reductions
in visibility, damage to property and vegetation, and nuisance to a large
number of the residents of L.os Angeles County,
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TABLE VI

COMPARISON OF AVERAGE EMISSIONS OF AIR CONTAMINANTS FROM

POWER PLANTS BURNING FUEL OIL AND NATURAL GAS AND

REDUCTION OBTAINED BY USE OF NATURAL GAS

Type of
Alr Contaminant

_ Comparative Emissions
Pounds Per Thousand Equiv. Bbis. (3)

Reduction by Use
of Natural Gas

" Fuel Gil  Natural Gas ‘Lbs,/1000 Bbl. Percert
Particulate Matter 800 20 780 98
Nitrogen Oxides _ :
(as NOy) 5,000 2,340 2,660 53
Sulfur Oxides
(as SCy) 10, 930(0) Negligible 10,930 100
TOTALS 16,730 2,360 14,370 86

(a) 0,000 cubic feet of natural gas is considered equivalent, on a

heating basis, to one barrel of fuel oil.

(by - 502 emissions from fuel oil based on an average sulfur content
of T.54 percent and an average weight per barrel of 355 pounds.
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Reductions in Fuel Qil Use Affected by Rules 62 and 62,1

Under the terms of Rules 62 and 62, i, a blanket prohibition is placed on
the use of certain gaseous and liquid fuels during specified periods of
the year. Fuel oils containing more than 0, § per cent sulfur are pro-
hibited together with gaseous fuels containing more than 50 grains of
sulfur per 100 cubic feet of gas. Rule 62 is operative from April 15

to November 15 and Rule 62.1 applies during the rest of the year, The
basic difference between the rules is that under Rule 62,1 a consumer
is allowed to burn fuel oil when natural gas service is "interrupted” by
the supplier, Under the existing gas supply situation, interruption or
gas curtailment commonly occurs during the winter months due to a
shortage of natural gas. Curtailment is the result of increased demand
by domestic consumers for space heating requirements.

Since its adoption in 1958, virtually no fuel oil of ary kind has been '
burned during the so-called Rule 62 period of the year, with the result
that fuel oil's share of the total market has sharply declined--a condition
which has been the cause of quite some considerable anxiety to the oil
industry, Examination of the historic fuel use by power plants, shown
_in Tables VIl and VIII, reveals the impact of the Rules on fuel oil usage
in L.os Angeles County. In terms of power plants, alone, total fuel
requirements (gas plus oil) have increased from nearly 107,000,000
equivalent barrels in the five years prior to Rule 62 (1954-58) to about
148,000, 000 equivalent barrels in the most recent five-year period
(1960-64). This represents an increase in total fuel usage of 38 per
cent. Nevertheless, total fuel oil consumption declined from 50 million
barrels to about 39 million barrels in the same period, for a reduction
of approximately 20 per cent.

The Rule has produced even a more dramatic decline in summertime
fuel oil use. In 1957, the summertime use of fuel oil by power plants
averaged over 30,000 barrels per day. In contrast, power plant fuel

oil usage shrank to an almost immeasurable level in 1959, when Rule 62
became effective. .. 5,250 barrels for the entire summer, or an average
of about 34 barrels per day, and all of this was low-sulfur oil (0. 5%
sulfur, by wt,), Clearly, the major impact of Rule 62 and 62, ! has been
to secure a substitution of natural gas for fuel oil. By contrasting con-
taminant emissions between natural gas and fuel oil it becomes evident
how these Rules have reduced the burden of air contaminants released
to the atmosphere of Los Angeles County,
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TABLE VII

ANNUAL POWER PLANT FUEL USAGE
1954-58, LOS ANGELES COUNTY

Total Fuel _ Percent Qil
Usage * Fuel Qil ~ of Total Annual Daily Average
Year (Gas & Qil) Usage Fuel Usage (Gas & 0Oil) **
1954 16,59%,260 5,012,510  30.29 45,700
1935 23,099,674 1,111,785 52.7% 57,800
1956 121,476,030 11,417,635 53.2% 58,000
1957 25,669,723 14,557,321 56.7% 70,300
1958 231,944,076 7,414,083 33.8% 60, 100
Totals 106,780,763 49,513,333 46, 49,
* In equivalent barrels.
** Total annual fuel use =+ 363
TABLE VI

ANNUAL POWER PLANT FUEL USAGE
1960-64, LOS ANGELES COUNTY

Total Fuel Percent Oil :
Usage Fuel Oil of Total Annual Daily Average

Year (Gas & 0il) Usage Fuel Usage (Gas & 0Oil) **
1960 26,673,886 9,274,241  34.89 73,100
1961 27,809,771 7,976,025 28.7% 76,300
1962 29,015,380 7,327,869 25. 39 79,500
1963 29,813,973 6,571,097 22.0% 81,700
. 964 34,847,698 7,830,735 22,5% 95,500
Totals 148,160,708 38,979,987  26.37,

* In equivalent barrels.

**  Tgral annual fuel use = 363



L8

The magnitude of the reductions obtainable by full implementation of
Rules 62 and 62.1 is revealed in Table IX. Substitution of natural gas
for fuel oil on the peak day of fuel oil usage in 1964 would have reduced
daily emissions of sulfur oxides by 740 tons and particulate emissions by
65 tons. '

TABLE IX

REDUCTION OBTAINABLE IN PEAK DAY EMISSIONS OF
AIR CONTAMINANTS FROM THE BURNING OF FUELS IF
NATURAL GAS HAD BEEN SUBSTITUTED FOR
FUEL OIL BURNED IN LOS ANGELES COUNTY

[“uel Use Configuration - Contaminant Emissions, Tons Per Day(b)b

Nitrogen Oxides Sulfur Oxides Particulate
(as NOj) (as SO9) Matter

Actual peak day emissions

from the burning of

liquid and gaseous fuels(@) 435 740 90

Peak day emissions which

would have resulted if

natural gas had been ~

substituted for fuel oil 265 ©  Negligible 25

Reductions in emissions

which would have been gained

in natural gas had been sub- ,

stituted for fuel oil 170 740 65

(a} Peak day of fuel oil usage by interruptible industrial gas consumers.

(b) Emission figures rounded,
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Additional Gas Supplies Needed

Although Rules 62 and 62,1 in effect ban fuel oil burning year-round in
Los Angeles County, thus far both public law and policy have been
frustrated by the lack of adequate gas supplies to provide for the full
wintertime requirements of industry and power plants. During the fall
and winter months, when gas supplies are limited, - fuel oil burning
contributes to a dramatic increase in atmospheric concentrations of
pollution. Sulfur dioxide concentrations increase by 50 to 100 per cent;
nitrogen oxide and aerosol concentrations increase by 300 to 400 per
cent. In fact, nitrogen oxide concentrations have thce exceeded the
D1str1ct s first alert level of 3 ppm.

For over three yearshearings have been in progress before the Federal .
Power Commission on two competing natural gas supply projects which
have been specifically designed to commit major gas supplies for year-
round power plant use in Los Angeles County. One is the Gulf Pacific
Pipeline Company project for which the Southern California Edison
Company and the Los Angeles Department of Water and Power have
contracted, The other is an alternative proposal by the Transwestern
Pipeline Company and the El Paso Natural Gas Company, supported by
the Southern California and Southern Counties Gas Companies. The

“Air Pollution Control District, by order of the Board of Supervisors of

Los Angeles County, intervened in these proceedings in the public
interest to support certification of the project or projects which would
provide the largest volumes of natural gas, at the earliest date, for

the greatest number of years and at a reasonable price, to the end that
industry and power plants in Los Angeles County will be able to burn
natural gas exclusively on a year-round basis. The primary objective -
of the intervention is to secure cleaner air for Los Angeles County.

Two intervenors in the Federal Power Commission proceeding, the
Western Oil and Gas Association, and one of its members, the Standard

.0il Company of California, have opposed Rules 62 and 62,1 from the

day that the rules were proposed, They have asserted that the burning
of fuel oil can safely be ignored and that the air contaminants emitted
from such combustion have no effect whatsoever on the air quality of
Los Angeles County. Nothing could be further from. the truth.

On December 16, 1965, Federal Power Commission Presiding Examiner
Alvin A, Kurtz filed an-initial decision which would authorize Gulf
Pacific Pipeline Company to build a $314, 000,000 pipeline to transport
natural gas purchased in Texas by Edison Company and the Department
of Water and Power for use as a boiler fuel in their power plants. The

examiner at the same time rejected competmg applications by Transwestern

and El Paso for an alternative pro;ect. /

In his decision, Examiner Kurtz sa1d, 'The prepondence of the evidence
is against the contentions of Western Qil and Gas Association and in
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favor of the benefits to be derived by the people in the Los Angeles
B:asin by the use of gas under the boilers in the power plants therein,
The record here is clear that the public wants the increased level of
gas service and is ready to pay for it. The benefits not only relate to
the health of the people and their welfare but also to- the loss of food
and fibre crops in the LLos Angeles area which has been estimated to be
in excess of $5,000,000 annually.” He added, "The advantages of using
natural gas in the power plants instead of fuel oil is that no ash is found
in the combustion of natural gas, no oxides of sulfur, nitrogen oxides
are less than one-half the amount produced from fuel oil burning and the
problem of opacity violating stack plumes is eliminated, "

Examiner Kurtz continued, "Public complaint as to air pollution is
continuous and wide spread, including complaints directed to the operation
of steam-electric generating plants. These complaints include eye
irritation and respiratory discomfort. The present atmospheric con-
ditions in the Los Angeles Basin do present a health problem. This is
borne out by the testimony of three outstanding doctors of medicine
specializing in this field, called by the APCD." He went on to say,

"The Los Angeles air pollution problem will not be elimima ted by the
increased use of gas under boilers but the reduction in tonnage of
pollurants in the magnitude here under consideration.will affect the con-
centrations of contaminants and aid in the program of the APCD to reduce
air pollut10n to the benefit of the people in the Los Angeles Basin. "

[ P
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merits of any scientific controversy over the burmng of fuel oil, are
faced with regulatory prohibitions against the burning of fuel oil, public
complaints about such burning and advice from the medical fraternity

to its patients to the effect that air pollution is harmful. These facts,
alone, impose upon Edison and Department the public duty to minimize,
if not eliminate, the burning of fuel oil in their steam-electric generating
plants in the Los Angeles Basin." Concerning coal burning, the Examiner
said, "The Los Angeles County Air Pollution Control District has made
it clear that it will not tolerate coal burning in the Los Angeles Basin."
Following oral arguments before the Commission on March 29, 1966, a
final decision will be rendered in this case.

In its latest attack on the Rules, the Western Oil and Gas Association
filed a lawsuit in Los Angeles County in which it asked the Superior
Court to declare Rules 62 and 62. 1 unlawful (Superior Court No, 836, 864).
The complaint alleged six causes of action, The court rejected five of

the six Western Oil and Gas Association charges before trial. In the

sixth charge, WOGA challenged the entire rule maklng power of the

District under the Air Pollution Control Act adopted in 1947 by the California
Legislature, and further alleged that Rules 62 and 62, i were arbitrary,
capricious and void and are a deprivation of the equal protection of the
law and a deprivation of property without due process of law. On

January 26, 1966 after nearly a year of litigation, the court ruled against

|
)
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WOGA on the remaining charge. In his decision the judge ruled that,

"The power to control the release of air contaminants clearly encompasses
the power to regulate the burning of fuels since no fuel can be burned

that does not emit or result in the release in the atmosphere of some kind -
and quantity of contaminants.” He went on to say that, "Neither Rule 62
nor Rule 62,1} varies or enlarges the terms of the Act. They are con-
sistent and not in conflict with it," Also that, "Theargument that said
rules are beyond the rule~-making power delegated to the Board falls

before the terms of the Act and the facts of this case.” The judge further
said, " The wisdom, propriety or necessity for Rule 62 or 62.1 is the
primary function of the Board of the District’and not the judiciary. If
thére is any rational connection between the adopted rules and the
legislative purpose, the rules are impervious to attack." He added, "It

is plain that there is a rational factual connection between the prohibition

of fuel burning and the release of contaminants into the air. The objective

of the Act was the control and suppression of air pollution. The pro-
hibition of fuel burning unquestionably serves that end. "

The air pollution evidence presented by the Western Oil and Gas Association
in this Superior Court case showed its position there to be as lacking in
merit as that before the Federal Power Commission.

POWER PLANT POLLUTION CONTROL IN LOS ANGELES COUNTY

Any discussion of control equipment per se to reduce air pollution from
fossil fuel-fired boilers must necessarily be limited to power plant steam
generators or other combustion equipment of comparable size, Attempts
to reduce emissions from smaller units have mainly been concerned with
the relatively heavy particule te concentrations emitted during soot blowing.
Emissions are definitely influenced by burner and furnace design and
configuration and some improvement can be achieved in this area, but

the best approach to control of smaller units is to use cleaner fuels, such
as natural gas,

The electric utility industry in Los Angeles County must be commended
for its outstanding efforts to resolve its power plant pollution problem.
Thé industry, in cooperation with the Air Pollution Control District,

has made significant contributions in the development of means for re-
ducing or controlling pollution from fuels combustion, Beginning in 1956
with the formation of the Joint Research Council on Power Plant Air
Pollution Control, the combined talents of the electric utility industry in
cooperation with the District were directed to the conrtrol of power plant
pollution. Notable among the contributions of the industry to power plant
pollution control has been the research to control sulfur oxides emissions,
the development of two-stage combustion controls to reduce nitrogen
oxides emissions, research on plume formation, experimental work on
electrostatic precipitators and the bag filter house for particulate re-
moval and, most recently, the vigorous efforts of the Southern California
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Edison Company and the Department of Water and Power to obtain a
year-round supply of natural gas for their steam generating stations.

Joint Research Council

The Joint Council was organized in March 1956 by the Southern California
Edison Company, the Los Angeles Department of Water and Power, and
the Los Angeles County Air Pollution Control District,. The municipal
electric utilities of Glendale, Burbank, and Pasadena joined the Council
immediately upon its organization, and’a short time later, the Air
Pollution Control Districts of the adjacent Counties of Orange, San
Bernardino, and Riverside became associate member's of the Council.
The Council's stated objective is "to arrive at a better understanding

of the mutual problem and to develop a program to promote progress in
the development of further_ corrective measures of control of air pollution
from fuel burning power plants of electric utilities in the Los Angeles
Basin, through cooperative efforts in the development and interpretation
of data and free interchange of information related to air pollution; and
to keep the membership advised of the activities and progress. "

‘Control of Sulfur ‘C‘)xides

Control of sulfur oxides has been given major attention by Councﬂ member
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trioxide appears practical. Presently available commercial methods of
removing sulfur dioxide have been investigated but none appears practical
at this time for the low concentrations of this gas in'the large volumes
discharged from power plant stacks. Investigations of stack gas treatment
for removal of sulfur dioxide and of possible methods of treatment of

fuel to remove sulfur are being continued by Council members.

Visible Plume Control

Because of the State law on plume opacity, which is violated when fuel
oil is burned by steam-~electric generating plants in the Los Angeles
Basin, a major part of the research efforts of the utility members has
been directed toward determining the causes of plume opacity and means
of reducing it. At present, some of the principle factors in plume opacity
are known, but many others have not been determined as yet. Tests
have been made to determine how plume opacity might be eliminated
through variation of operating techniques, the use of chemical additives
and mechanical and electrical devices. Although a complete solution

to the plume opacity problem has not been found, the information which
has been derived from these tests has brought the solution much closer.
The Edison Company's adaptation of the electrostatic precipitator to
fuel oil firing was a step forward in the control of particulate matter,
but its effectiveness in controlling plume opacity was unsatisfactory.
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Electrostatic Precipitator

The Edison Company initiated a precipitator test program for particulate
removal and plume control early in 1955 in cooperation with the APCD.
The first phase of this program was designed to investigate precipitator
performance on a pilot plant basis. The electrostatic precipitation
process was originally selected for pilot plant investigation on the basis
of experience developed in coal fired power plants. Edison's pilot

plant work demonstrated that major changes in precipitator design were
necessary in order to obtain high collection efficiencies on the relatively
low particulate load characteristics of oil fired boilers. As the result
of nearly three years of intensive investigation, including the services
of -several consultants and an expenditure of over a half a million dollars,
Edison ultimately obtained collection efficiencies of about 95-98 per cent
on a pilot unit. Visual evidence also was obtained indicating excellent

control of plume formation. Based on these results, Edison installed a .

full-scale prototype precipitator on its No. 2 unit at its Ei Segundo
steam station in December 1958.

Edison's prototype plant, however, was a failure, Attempts to obtain
the efficiency and practicability which had been indicated by the pilot
plant investigations were unsuccessful, Although plume control was
outstanding on the pilot unit, stack emissions from the full-scale unit
did not comply with the District's opacity regulations. In addition, the
equipment experienced numerous component failures and continued
corrosion problems, which, in one instance, caused a complete boiler
shutdown, Although installation and modification of the electrostatic
precipitator by Edison has required over one million dollars in ex-
nenditures, it was Edison's final judgment that satisfactory performance
«ad reliability could not be achieved with an electrostatic precipitator
cn oil-fired steam generators,

Two-Stage Combustion Controls

Experlmcntal work by the Joint Council, and particularly by the Southern
California Edison Company in cooperation with the Babcock afid Wilcox
Company over the past five years, has lead to the development of burner
and equipment modifications on one type of power plant boiler design

that reduces the average production of nitrogen oxides by about 40 per-
cent at full load operation. These modifications, which have been termed
"two-stage combustion', are effective in reducing the formation of
nitrogen oxides when either oil or natural gas is used as a fuel, In its
prescnt stage of technical development, two-stage combustion, as a con-
trol method, is applicable only to large front-fired power plant boilers.
Theoretically, at least, two=stage combustion modifications are applicable
to all power plant boilers; however, the adoption of this method would-
necessarily be preceded by a period of experimentation on each type of
unit to be modified. In two-stage combustion, approximately 90 per cent
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of the air required for combustion is introduced at the burner tip. The
remainder of combustion air is introduced through auxiliary airports
installed above the burners. Major furnace modifications are required
on existing boilers to permit the use of this type control, However,

if incorporated in the original design, the modifications are com-
paratively minor.

Bag Filter House

Extensive research work and pila plant studies by the Southern California

Edison Company has led to the development of a full-scale prototype

bag filter house as-a means for controlling particulate emissions from

fuel oil combustion. In the past, the bag filter house has been considered

impractical for power plant application because of such inherent filter
fabric limitations as temperature, pressure drop and fabric deterioration.

" Results of full-scale tests indicate that these limitations can be largely

overcome by selection of suitable bag material and by the addition of

alkaline additives to the gases entering the filter house, In operation,

the bag filters are pre-coated with dolomite before startup. The

additive is continually injected into the gas stream at two to three times

the stoichiomertric equivalent of the sulfur trioxide content of the flue

gases. Sulfur trioxide reacts in the gas stream and on the surface of

the bags to form calcium sulfate, a collectible solid. This control

device removes only sulfur trioxide and particulates. It has no effect

on sulfur dioxide or nitrogen oxides,

Edison's prototype bag filter house has been operated intermittently
since February 15, 1965. Many equipment and operating difficulties
have been encountered over the past year, Fabric deterioration and
failure have required replacement of all 1200 filter bags at a cost in
excess of $30,000, Other technical difficulties encountered with the
baghouse have included:

i. Gas leakage into the bag compartments when baghouse is
out of service resulting in condensation and corrosion
problems,

2, Unequal distribution of stack gases in the baghouse,

3. Excessive pressure drop and accompanying high power
requirements.

4, Fabric.damage caused by filter bag clamps and mechanical
problems with bag suspension systems.

ailure to obtain uniform distribution and depesition of

dolomite additive.

;
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6. Caking of material on filter bags due to moisture,

7. Problems with reverse-flow bag cleaning operatioh.

8. Major difficulties with conveying and disposal of collected
material,

Edison's expenditures for research, pilot plant studies and installation
and testing of -the full-scale prototype bag filter house have already
exceeded $1,200,000. Experimentation and tests on the baghouse by
Ediscn are expected to-continue for at least another year. In view of
Edison's experience with the electrostatic precipitator and the current
status of their bag filter house, the APCD has concluded that there is
presently no completely satisfactory method available for.controlling
contaminant emissions from. fossil fuel burning power plants, other

‘than to use natural gas.

Conclusions

Almost every projection of social and economic activity between 1960
and the year 2000 indicates that pollution from fossil fuels combustion
will multiply many fold. 7/ 8/ A few key indicators are:

1. United States population will double,

2. Electric power production in the U, S. will increase from
850 billion kilowatt-hours per year to over 2800 billion
killowatt-hours in 1980 and to about 3700 billion killowatt-
hours in the year 2000. ' '

3. In 1980, nearly two-thirds of the total electrical power
requirements will be provided by fossil fuels and, in 2000,
from 40 to 50 per cent will be provided by fossil fuels,

These estimates of national growth suggest that if we are concerned with
the deterioration of our air environment now, we will have much more
cause for anxiety in the next four decades. It is too often concluded

that more effective technology must be developed or that more research
must be done. Indeed, further research is needed, but there is a great
deal which can be done right now. It is impossible to predict the point
in time when critical concentration of pollutants in the atmosphere may
be reached. Past experience has been that air pollution is virtually
ignored until levels are reached where detrimental effects are observed.
Control of pollution from fossil fuels combustion is one of the most
compelling problems in air pollution today. Steps to reduce pollution
from this source which are scientifically and technically possible must
be taken now. To wait any longer is to wait too long.
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OBJECTIVE MEASUREMENT OF SMOKE FROM COMBUSTION SOURCES

\ Charles W. Gruber

4ir Pollution Control and Heating Engineer
. " Charles E. Schumann
. ' ) Air Pbllutlon Chem1st

Dlnsion of Air Pollution Control and Heatlng Inspectlon
i o City of Cincinnati

: _ INTRODUCT ION

Interest in fine particle pollution began a long time ago. In England, the Owens
70llution Recorder has been used for many years to determine atmospheric concentra-
Aons of smoke. Early in the 1950's Hemeon developed the AISI automatic smoke

1ampler and demonstrated the logic of drawing a relatively small sample of air through
+ white filter paper strip with automatic indexing and evaluating the residue retained
.n the paper by optical means. (1). The unit of measurement of the resultant sample
suggested -by Hemeon is called the Coh Unit and is defined as that quantity of light

.catterlng solids producing an.optical density of.0l when measured by llght trans-
iission,

he City of Cincinnati, Division of Air Pollution Control, early recognized the value
making continuous measurements of the non-settling partlculates in the general
tmosphere and has maintained several such monitoring stations since 1952. (2) It
s considered that the soiling of light-colored surfaces is of particular interest
nd that the evaluation of the stain by light reflectance is preferable to trans-
ission. In order to differentiate the results obtained by reflectance, the unit of
‘6il was christened the Rud (Reflectance Unit of Dirt), the Rud value being that

uantity of light scatterlng solids producing an optical density of 0.0l when measured
4 light reflectance.

ﬁd or Coh values are further standardized to a unit volume of air filtered through
unit area of filter. The resultant values have become known as the Soiling Index
3) of the atmosphere, and are generally reported as Ruds or Cohs per 1000 linear feet

f air, equivalent to filtering 1000 cubic feet of air through one square foot of
ilter area. . '

]
'
2
E

NEED FOR A METHOD OF QUANTITATING SMOKE EMISSION

e smoke plume from the incomplete combustion of the volatlle matter in fossll fuels
an important source of fine particles in many urban atmospheres. Most black smoke

umes from combustion sources contain only an infinitesimal weight of partlculate

ter even though at times such plumes appear to be solid black. The opacity is

‘e to the presence in the smoke plume of a tremendous number of sub-micron carbon

rtlcles which have a highly effective light scattering effect but contribute little

the mass of the emission. Therefore, quantification in mass emission units or

| ght concentration is not a practical measurement and authorities rely almost uni-

sally on subjective evaluation such as the Ringelmann Chart.

o/

THE SOILING*POTENTIAL METHCOD APPLIED TO_SMOKE PLUME MEASUREMENT

l

'view of the success in quantitating the bulld-up of fine particles in community
ospheres by the soiling 1ndex method it appears only logical that this same method
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could be applied to evaluating the source strength of smoke plumes in objective units.
Such objective units could then be used in the develomment of emission inventories,

in cause and effect studies, and in setting objective performance criteria for combus-
tion equipment. '

The wnzlciy between weight units and opiical units is illustrated in Table I. It can
be seen that for every mass unit there is a correspcrding optical unit. '

TABLE I COMPARISON' BETWEEN COMMON WEIGHT UNITS AND OPI‘ICAL‘SOILING UNITS (L)

Weight Units Optical Units !
Metric English By Trans, . By Ref.
Guartity | Gms Pounds Coh-f1% Rud-ft2
Concen- |  gms/cc 1bs/1C00¥ gas | Coh-TtR/ft3 " Rud-ftR
tration i y
i grains/scf = | Also: Alsc: -
| Coh-ft2/3000 £t Rud--+2/10C0 ft3
i (Coh/1000 ft) Rud/1000 ft)
1 : ) . T e
Rate ms/uin. lks/min. Coh-ft2/min. Rud-ft2/min.
1 {time) :
! _ )
Rate ens/kg coalllbs/i’ cozal Coh-Tt2/# ccal Rud-ft2/f coal
(fuel) :

THE _SOILING POTENTIAL SAMPLER

- In 1953, Hemecn (1) applied the autcmatic tape sampler to a stoker-fired coal burning
bciler plant and repcrted the smcke emissicns in-terms of Coh—f‘tz/min. When such I
information is obtained, it is necessary to know only the total gas flow and by simpl,
aritlmetic calculation the total quantity cf smcke in Coh—rtz/unit of time can be:
obtained. : ' |

In 2964, the authors, using a sampling train similar to that arranzed by Hemeon, q
constructed the Soiling Fotential Sampler (S0F0S). Figure 1 shows the sampling traig
and Figure 2 is a rhotograph of SOPOS, Model /4. Yssentially the instrument is arcan
tc draw a variable sample of the combustion gases from the breeching either directly
thrcugh the filter tape or through a circuit which first dilutes the sample from the
source. From the direct extraction or from the diluted sample, a portion is taken

through the filter tape at a rate of apgrodately 1/4 cfm. Isokinetic sampling i3 n
considered necessary because of the sub-micron size of the smoke particles. Samplin
time must be adjusted according Lo ihe conc :ntraticn of the smoke in the scurce SO
that a combination of sampling rate and time will produce a spoi having a reflectan
cf greater than 50%. The spots are moved, or indexed, ranually as they are complet,
Data are reccrded on a log sheet as the test progresse:. The spsts are evaluated by
neans of a reflectance meter, and the sciling potentlal in terms of Rud-ft2/cu.it. ;
cac sampled is calculated.

4 sample calculation is shown i Appendix 1.
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FIFLD TESTING _ . y

To date 17 tests have been made on 9 different plants ranging from a small 70 H.P,
steel fire tube boiler, fired by a single retort underfeed stoker, serving a schocl = !
. heating load to a 225,000 1b. water tube boiler, fired by pulverized fuel burner, serv-~
ing an industrial steam processing load. One test on one plant taken during start-up

of a newly installed boiler was discarded because the operating conditions were not g
considered typical..

The average value of soiling potentla.l per cublc foot of stack gas for 16 tests was
1.10 Ruds-ft2/cu.ft. with a maximm of 7.4 and a minimum of .05. The soiling potential
per pound of coal burned was an average of 134 with 1250 maximum and 9 minimum. Figure
3 shows the average sciling potential for the 9 different plants tested while Table II
summarizes the results of the 16 tests.

[ SN

SOILING POTENTIAL VS VISIBLE SMOKE

A
|
There appears to be good correlat:.on between the so:.l:.ng ‘potential and opacity of ‘
plume for any one plant. )

Plant No. 9 contains a newly installed 85,000 1lb. steam/hr. water tube boiler fired by ‘
"a traveling grate spreader stoker. The plant is equipped with a moderate draft loss =~ -
collector with decanting re-injection and a good over~fire-air smoke consuming system. |
The combustion controls include a Bailey recording smoke meter. ‘

During the test 300 samples were taken one each minute or less for 43 hours, Readings
were made from the smoke meter chart once each minute and periodic observations of

' the visible plume were made and recorded as Ringelmann Numbers.

time. Directly above is the plot of the smoke recorder values as percent of chart.
The individual observations are indicated by circles. Visual comparison shows excel-
lent and sensitive correlation while statistical analysis shows a correlation coefficien

of .96 (5).

Figure 4 shows a plot soiling potential values in Rud-ftz/éu.ft. of stack gas versus j

Another type of test was run on Plant 4. A city air pollution inspector made smoke
observations from a post about 1/4 mile from the stack. Using conventional procedures
he recorded the opac:Ltv of the plume in Ringelmann numbers on 1/4 minute intervals.
The observed smoke is plotted against SOFO values in Rud-ft2/cu.ft. in Figure 5 and
again it can be seen that a general correlation between soiling potential and observed
opaclty exists for this one plant.

SOILING POTENT IAL FOR EMISSION INV'ENTORY FOR COMBUST ION SMOKE PLUMES

Soiling potential per pound of fuel burned will lend itself readily to an emission

inventory of smoke particles frem incomplete combustion of the volatiles in the fuel

burned in any given area. It is only necessary to make sufficient numbers of tests

of representative equipment under all operating conditions to obtain a statistical

average. Then, by knowing the total fuel burned in any significant unit of time the

total contribution of incomplete cambustion of this fuel to the dark particle soiling
' index of the general atmosphere can be calculated. '

The Cincinnati Division of Air Pollution Control in cooperation with the Meteorologlc
Section of PHS, Division of Air Pollution &t Taft Center in Cincinnati, explored this

procedure whichproduced encouraging results. A rather accurate estimate was made of
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>al consumed in one segment of the city between 6:00 and 9:00 a.m. on a cold day. A
JFO value of 500 Rud-ft2/1b. coal burned was used and the total emission in Rud-ft2

>tween 8:00 and 9:00 a.m. from all coal burning sources was calculated. Then using

te working equation reported by Clarke (6) in his develomment of a simple diffusion

>del for calculating point concentrations from multiple sources, the expected smoke

irticle concentration (Soiling Index) in the general atmosphere was determined.

1e calculated values of soiling index-for the Downtown Cincinnati Station with light .
W winds and slightly stable atmosphere was 1.4 Rud-ft2/1000 cu.ft. (Rud/1000 ft)

«d for moderate WNW winds with neutral condition was .4 Rud-ft2/1000 cu.ft. Those
amiliar with soiling index measurements in the general atmosphere will recognize such
2lues as being representative of levels measured in many communities.

SUMMARY - USES & ADVANTAGES OF THE SOFO METHOD OF SMOKE MEASUREMENT

1 summary there is strong indication that the soiling potential method of quantita-
ing smoke plume values will produce reliable information which can be used in a number
f different fields related to the soiling cf light colored surfaces by dark colored
jP—micron smoke particles.

- It produces sensitive, reproducible, objective quantity measurements of smoke
" particles resulting from incomplete cambustion of the volatile matter in fossil
fuels. ' '

The resultant measurements are in termms of concentraticn: soiling potential per
cubic foot of combustion gas (Rud-ft2/cu.ft.) or rate soiling potential per unit
of fuel input (Rud-ft?/1b. coal).

. The resulting value of soiling potential per unit of fuel lends itself to quanti-
tating the emission per unit of time from single or multiple scurces within an
area by simple aritimetic calculations. The summation of source strengths, in

the same terms as the measurement of the resultant soiling index of the atmosphere,
provides a ready means of estimating the contribution of various combustion sources
tc the total build-up of fine particles in the atmosphere. Such infomation is
invaluable in estimating the corrective action within an area in order to reduce
the fine particle pollution in any air pollution control effort.

o
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APFENDIX 1

CALCULATING SOILING POTENTIAL VALUES - EXAMPLE

SAMPLE DATA: Duration Air Flow Data

of Sample Stack Dilution % Density of Spot,
Sample Air - Air Air . €02 % Reflectance
5 min., .23 cfn - .1l efm 3.1 chn 1.5 80

CALCULAT ING VOLUME OF STACK GASES SAMPLED:

Dilution Ratio: 11 = ,11 = ,034
. A1+ 3.1 3.4

Volume of stack gases sampled: .23 ¢fm x 5 min. x .03L = .039 cu.ft. (Q)

CALCULATING SOILING POTENTIAL:

Rud-ft2/ft3 = 0.D. x 1C0 A = .0USL sq.ft. (area of spot)
C.D. =logig 106 = logyg 1CC = .097
7R 80 :
Rud-ftp/ ft3 = .097 x 160 = 9.7 = 1.3
7.2 7.2

CALCULATING Rud-fto/1b. of COAL BURNED:

Theoretical: 143 cu.ft. of air required to burn 1 pound of coal.
(for coal at 14,550 Btu/lb,)

11.5 & C0p = 58% Excess Air = 83 cu.ft. of Excess Air
Total air per pound of coal =142 +83 = 226 cu.ft.

Then, 1.3 Rud-ft2/ft3 x 226 cu.ft. = 294 Rud-ft</1b. of coal
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- Gaseous and Particulate Emissions from Shale 0il Operations

Thomas D. Nevens
Denver Research Institute, Denver, Colorado

‘F. A. Rohrman
Laboratory of Engineering and Physical Sciences
Division of Air Poliution
Public Heelth Service
U. S. Department of Health, Education, and Welfare
Cincinnati, Ohio

World-wide and dcmestic demands for hydrocarbons tend to seek the
most economical and convenient sources for potential“exploitation. It
has been said‘that‘the oil shale deposits of the world. constitute many
times the total of the world's reserves of liquid petroleum. The ¢il
shale beds of scme 16,000 square miles in the-states of Colorado, Utah,
and Wyoming constitute the world's greatest reserve of hydrocarbons;l
It is only a question of time until these sources will be used.

President Johnson, in his state of the union message of
January 4, 1965, made this pertinent remark, "... we will seek power to
prevent pollution of our air and water before it happens...", & stateQ
meht that emphasizes the national feeling at this time. None of the

2,3,4,5,6,7

recent, comprehensive papers on shale oll technology mentions

or alludes to air pollution. In a paper delivered to the Second Symposium

_on Oil Shale at Golden, Colorado, on April 22, 1965, Frank J. Barry,

Soiicitor, U. S. Department of the Interior, mentlons air pollution as one
of the factors to be considered in a national policy for oil shale. 8

The deposits in the Piceance Basin of Colorado, belng the most
economically attractive in the United States, will likely be the location
of the first commercial oil shale plant. The major patented oil shale
mining claims owned by some 25 companies, where the shale industry will
likely begin, lie mostly on the southern part of the Plceance Basin and
cover an area of appfoximately 800 square miles.b The shale oll reserves
in this area, containing 25 gallons of oil per ton of shale or more,
contain approxiﬁbtely'SE,ooo million bbls.
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The Piceance Basin lies between the Colorado and White Rivers,
which are approximately SO miles apart. Both rivers flow in a generally
western direction. The elevation of the Colorado River at this point is
approximately 5000 ft., and of the White River, approximately 6000 ft.
Between the two rivers the land forms a plateau (see Figure 1) having
an elevation of 7500 to 8500 ft.; this pléteau is cut by numerous gulches \
running generally north and south.
The so-called "mahogany"” ledge or rich oil shale strata on the
southern part of the Piceance Baéin varies from 50 to 100 ft. in thickness, v
generally has 500 to 1000 ft. of overburden, and lies from 1500 to 2000 ft.
sbove the Colorado River valley. To minimize transportation costs, the
crushing and retorting plants probably will be located near the mine {
portals and near the mahogany ledge, wlth waste dumped into the gulches.
Precipitation in the area is only 10 to 15 inches of water per year,
.with over half of the moisture falling as snow. Mear daily air tempera- {
tures on the plateau vary from approximately O°F to TO°F, with an average ‘
relative humidity of sbout 20%. The prevailing winds in western Colorado
are from the southwest and would tend to carry any pollutants from a shale
ihdustry up out of the valleys toward the Rocky Mountailns; the topography
of the area indicates that temperature inversions probably occur during' i
certain times of the year. These, of course would be conducive to

pollution of the air at the proceséing sites.

Properties of Shale and 0il

The inorganic matrix of Colorado oil shale is a laminated marlstone . ;
intimately mixed or "cemented” together with kerogen, & high-molecular-
weight waxy material. When retorted at temperatures in the range of
S00°F, oill and gases are given off in the vapor phase. Recent studie59 v
have shown the following average individual‘barticle-size distributions
of the inorganic matrix: less than 0.3 wt %, 200-2000 microns; 8.3 wt %,
20-200 microns; T75.8 wt %, 2-20 microns; and 15.8 wt % less than 2 microns.
The retorted shale, of course, does not dlsintegrate into thié size dis-

tribution, since it still has a certain amount of mechanical strength.

Depending upon the retorting process, the retorted shale ash may or may
not be partially fused. '
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The avérage ash analysis of the inorganie matrix in €olorado shale
is shown in Teble I. Depending upon the retorting process and the

Table I

Wt %

810, k2.1
Ca0 23.8
MaO 12.5
Alé03 10.0
203 : 4.3
Na20 : ] 3.1
ko 2.3
50, : 2.0

temperatures involved, the retorted shale ash will contain carbon up
to & maximum of approximately 4%, and a part or all of the calcium and
magnesium oxides may be in the form of calcite or dolamite.

Table II shows the approximate composition, on an air-free basis,
of a retort gas produced from a shale ylelding 30 gal/ton. The volume
of gas produced will be approximately 500 ft.3/ton of shale, depending
upon retorting conditions.

Table IT

, ~ Volume
Methane ' 17.5
Ethane g 7.0
Propane _ 3.4
N- and Iso-butane ' ¢
Pentanes . : 0.7
Hexanes ) 0.3
Ethylene 2.2
Propylene _ 2.6
Butenes ’ C ’ 1.9
Pentenes _ 1.1
Hexenes - A .9
Heptenes o : 2
Carbon Dioxide 30.3
Carbon Monoxide . 2.0
Nitrogen ' . 2.0
Hydrogen 23.9

Hydrogen Sulfide 2.3
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If the hydrocarbons contained in the kerogen of the shale were
accompanied by amounts of impurities similar to those of liquid petroleum,
there would be no occasion for extra interest or concern with fespect to
-air pollution.

The detailed chemical structures of shale oil are largely unknown. -
In general, however, it is an 0ll of approximately 20° API gravity with
& pour point of 80-90° F, containing 1.6 to 2.2 % nitrogen, 0.6 to 0.8 %
sulfur, and 1.5 to 2.0 % oxygen.-© Cady and Seelig'l have shown that
shale oil consists of 39% hydrocarbons (many of which are unsaturated)
and 61% non-hydrocarbons; of these non-hydrocarbons, 60% are nitrogen com-
pounds, 30% are oxygen: compounds, and 10% are sulfur compounds.

The recovery of useful hydrocarbons from oil shale could result in
alr pollution from five main operations: (a) mining and crushing,

@) retorting, (c) disposal of spent shale, (d) refining, and (e) power
generaiion. :

Mining

The shale must first be mined and crushed to proper size for the
retorts. One need only be reminded that for a 25,000 bbl./day operation
approximately 35,000 tons of 30 gal./ton shale must be mined and crushed
each day.lz Such operations as drilling, blasting, éonveying, and crush-
ing all produce dﬁst. With modern mining techniques and proper precautions
the dust problems can be controlled.

Retorting .
More than 2000 patents have been issued for various shale oil re-~

covery methods.>3 The only industrially successful ones to date involve
the destructive pyrolysis of the crushed oll shale at atmospheric pressure
and'at femperatures of about 900°F.  The severity of air pollution from
the retorting operation will néturally deperd upon the.tybe of retorting
process used. ' Any type of retorting operation could result in emissions
of complex compounds of nitrogen, sulfur, oxygen, hydrogen, and carbon
and inorganic dust. It 1s unlikely that the low-moleculsr-weight retort
gases (shown in Table II) would be vented or fléred to the atmosphere,
since economics will dictate that théy be either recovered or used for

process heat or power generation. Since the retorting operations will
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be confined to the immediate vicinity of the mines, without proper design
and precautions large quantities of vapors could concentrate in the deep
valleys and canyons rather than dispersing harmlessly at the higher
alfitudes._ The area could also be subject to severe temperature inversions
conducive to the accumulation of pollutanté. ’ .

Although several companies are actively working on in-situ recovery
of shale oil, essentially nothing has been published on the subject. The
problems of in-situ recovery of shale oll are fo_midabl‘e, and 1t 1s most
prot;able that a U. S. 0il shale industry will begin with the more advanced
above-ground retorting processes. In any case, alr pollutlon problems in
connection with in-situ fecpvery of shale oil would iikely be akin to those
assoclated with in-situ recovery of crude petroleum.

Disposal of Spent Shale _
Since processing 35,000 tons/day of raw shale will require disposal

of approximately 28,000 tons/day of spent shale ash, more than & small
problem in materials handling will be involved. The canyons and dry /)
gulches of the shale region should provide adequate space for disposal
of shale ash. It is also conceivable that the waste could be returned to
the mine from which it was originally removed. This procedure, of course,
would preclude mining of lower levels in the future. Depending upon the
particle size of the shale ash, the té!nperature of disposel, and the carbon
content, the problems of dusting _cbuld vary widely. If shale ash containing
appreciable amounts of carbon were dumped at an elevated temperature, a
severe problem might arise if combustion started;' the subsequent production
" of hot spots might release SO2 from the small amount of pyrites in the ’
shale. On the other hand, a well-burned shale ash will contain consider-
able amounts of calcium and magnesium oxide, which will recarbonate and
hydraté over a perlod of time and stabilize the spent shale ash. In scume
cases, soil stabilization techniques m&y‘ bé réquired. Also, vegetation
such as sagebrush and native grasses can be planted on the sbandoned dump
areas to minimize dusting.
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‘ gravity, high nitrogen, and intermediate sulfur crude.

Refining _ .
The oil as recovered from most retorts "is a vaxy, intermediate

nllb The decision

whether this oll is to be transported to more populated areas and refined
or is to be refined néar the retorts may determine the nature of the
refining techniques. Génerally, these olls must first be made wax-free
or cracked to lighter fractions before transmission through pipelines.
the fractionation,_cracking, and refining of these oils present problems

" different from those of processing nonmallpetroleum crudes. At this
stage the processes can be engineered to recover much of the sulfur as

elemental sulfur and most of the nitrogen as ammonia. Also, sophisticated
techniques can be used to produce useful chemicals containing nitrogen -
or sulfur. In any event, the opportunities for air pollutim are always
present and will offer a challenge to the chemical or petroleum engineer

.The economic disposal of these products could be of great interest their

release to the atmosphere would be out of question

Power Generation

Considerable quantities of power will naturally be required for

‘any sizeable o1l shale industry. Depending upon the economics, this

power will probably be produced at or near the shale industry sites.
‘The pollution problems will be typical of those in the power industry
and will depend upon.the fuel used, i.e., retort gases, refinery gases,
fuel oil, or other fuel.

The vast shale oil industry is nearly upon us as the problems, of
finding new economical sources ‘of 1iquid petroleum are becoming more acute.
The next 5 or 10 years could see the emergence of shale oil industry pro-
duéing-a million or more barrels'a.day in this small area of the Rocky
Mountains. Any ripples of unfavorable,prices on imported crude or
finished'products could cause abrupt waves of decisicn as to the time
of arrival of this industry. It is hoped that all operations ihvol&ing
a'future shale o0il and industry will take cognizance of the potential
air pollution problem. To disregard air polldtion at the early stages
of development may reqnire later intensive and extensive engineering at
& much higher cost.
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TECHNIQUES FOR THE UTILIZATION OF. FLY ASH
S. G. Schaffer and R. W. Noble

Duquesne Light Company, Pittsburgh, Pennsylvania

. Since the introduction of pulverized-coal boilers in the 1920-1930

decade, the problem of fly ash collection and disposal has been a major problem

to the electric utility industry. The quantity of fly ash produced and which is
not collected is becoming an increasingly greater air pollution problem, subject
to control by municipalities, states and the Federal Government. Every emphasis
is therefore being made to reduce the amount of fly ash escaping to the atmosphere
by the installation of fly ash collecting equipment, where it does not exist, and
by increasing the collection efficiency of equipment where it is already installed.
This reduction in'air pollution, however, aggravates the already difficult problem
of disposal of the collected fly ash. At Duquesne Light Company there are twenty
pulverized-coal boilers, and in 1964 they produced nearly 500,000 tons of fly ash.

. In the United States in 1962, more than eleven million tons of fly ash were col-
lected; and it is estimated that by 1980, there will be twenty-five million tons
produced annually. At Duquesne Light Company the fly ash produced was collected
by mechaqical collectors and electrostatic precipitators, sometimes in combination.

\The collected fly ash is generally handled in two ways. One method is to trans-
‘port it from the collection hoppers to a silo in a dry state and, after passing
‘through a wetting pug mill, it is loaded on trucks and hauled to the ash disposal
area. A second method is to remove the fly ash from the hoppers, mix it with

+ water and sluice it to an ash pond. When the pond becomes full and has been de-

yvwatered by drainage and evaporation, it is dug with power equipment and hauled

\to the ash disposal area. ‘

’ Duquesne has been disposing of fly ash in these ways for more than

| twenty years and has found that they are wasteful and represent a continuing

© expense, from which no benefits can be realized. The dump areas, at best, are
unsightly and are a source of secondary fly ash entrainment. The unsightliness.

\ and the dust source of the. dump areas are an annoyance to the nearby populace,
.and in some locations this annoyance has caused a considerable amount of ill

’feeling toward the Company. There have been acts of harassment by the public
and legislative action by certain municipalities to prevent the dumping of fly
ash. For these reasons, it has been increasingly difficult to locate and obtain
new dumping areas which are located at reasonable distances from a generating
station. . All practical and reasonable methods to find solutions to these prob-
lems, and thereby placate the neighbors, have been tried by Duquesne, but mostly

‘without too much success. This is especially true if the dump area is still

, being used. ' For dumps no longer in use, a method which has been used success-

' fully to eliminate secondary fly ash entrainment has been to cover the dump area
with topsoil and plant with grass seed. 1In many locations, these areas have. been

‘made useful to municipalities for recreational activities. However, it is not
possible to use these filled areas for heavy buildings because fly ash will not
,support heavy loads, the inherent tendency being to "flow" when subjected to
jgreat pressures or excessive moisture. Taking all facts into consideration, it
,can be concluded that the present procedure of dumping is a very undesirable
method of disposing of fly ash.

( Confronted with these conditions, the Duquesne Light Company has been
hetively engaged, for more than fifteen years, in searching for other methods

for the disposal of fly ash in an economic manner. Duquesne has financed, both
privately and jointly with other companies, research projects to determine the

feasibility of new methods for the utilization of fly ash. 1In addition, it has

TN N, TT PTRY
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worked closely with national organizations such as the Edison Electric Institute
which, of course, also recognizes that with the increase in pulverized-coal
boilers, the disposal of fly ash is becoming a more acute problem.

Several worthwhile uses have been found for fly ash, one of which is
in the construction of asphalt roadways. Fly ash has proven to be very effective
as a '"choking'" material for the large, heavy slag base courses, because of its
fluidity, and as a replacement for limestone dust in the surface course. In 1953,
working in conjunction with Bituminous Coal Research, Inc., Duquesne Light Company
constructed a special asphalt roadway at its Phillips Power Station near Aliquippa,
Pennsylvania, for the purpose of determining the effect on the durability of this
type of roadway when fly ash is substituted for other materials. The road is
approximately 170 feet long and runs from a passing highway to the station coal
truck scale. The road, over which all of the station trucked coal passes, is >
considered to be a very heavy one and handles an average of 160 trucks per day
for a five-day week at an average loaded weight of at least 25 tons. Various
combinations of standard and fly-ash-containing surfaces and bases were installed
to compare the different types of construction. The road, as constructed, con-
sists of a l-inch sand base, two 6-inch large slag bases, a 2-inch binder course
and a l-inch surface course. Fly ash was used for filling ("choking") between
the large slag of the bases and as a substitute for limestone dust in the surface 7
course. The road is still in use and did not require repair until May 1965, when "o
very minor repairs were made. The results of the test indicate that those por-
tions of the road which were constructed using fly ash, as previously described,
have .performed as well, if not better, than the portions using regular construc-
tion materials with respect to surface wear and general road upkeep. 1t was due ’
mostly.to the results of this test road that the Pennsylvania State Highway ‘o
Department accepted fly ash as a suitable material in their asphalt road speci-
fications. With the prospect of having a market for its fly ash, the Duquesne
Light Company installed fly ash bagging facilities at its Phillips Station. The
- fly ash is marketed by a local contractor under the name of '"Durosil'". There has,
however, never been any real demand for the product in this area’

Although subsequently there have been roads in other areas similarly //
constructed, there has not been any real wide-spread use of fly ash for this
purpose. Electric utilities, whose primary interest is generating electric pover,
‘have, perhaps, not attempted to push greatly the uses of fly ash for road con-
struction. This method of utilization also would not.nearly approach the total
amount of fly ash produced each year by the electric industry, and its seasonal
demand would produce problems of storage or intermittent disposal.

Due to its pozzolanic properties, another use for fly ash is as a
concrete -additive substituted for cement. Although fly ash cannot be wholly
substituted for cement, it has been shown to be effective when used as a replace-
ment in quantities up to 25-30 per cent of the cement used in bulk concrete and
concrete block. Much research has been done by the electric utility industry,
as well as many other interested organizations, to determine the effects of
substictuting fly ash for cement in the preparation of concrete. The Battelle
Memorial Institute has been engaged for several years in research for the
Edison Electric Institute for the purpose of determining cementitious charac-
teristics of fly ash and the effect of variations in chemical composition of \!
different ashes. As long ago as 1952, Duquesne Light Company engaged the
Pittsburgh Testing Laboratory to perform tests on concrete containing fly ash.
Using basic 1:2:3 and 1:2:4 concrete mixes, fly ash was substituted for cement
in amounts of 10, 20 and 30 per cent. The concrete samples were then used to
conduct compressive and fracture tests. In 1954 Duquesne Light Company, when
installing a new concrete roat at its Elrama Station, used fly ash in 10, 20 ~
and 25 per cent quantities in certain test sections of the road. Concrete
samples taken at that time were also tested by Pittsburgh Testing Laboratory. L



7.

The results of these tests, as well as tests by many other organizations, indicate
that fly ash can be substituted successfully for cement in concrete up to 25-30
per cent replacement and still produce a concrete which exceeds the minimum com-

! pressive strength. The following table shows the compressive strength of concrete
with various percentages of fly ash substituted for Portland cement. The data

} was taken from tests performed by the National Ready-Mixed Concrete Association.

Cement Replaced Comp;e551ve Strength, psi

" Per Cent 7 days 28 days 3 months.
0 3 320 , 5 180 6 050
10 2 800 4 690 5 330

y 20 2 270 4 G40 5 380
30 1 900 T 3440 4 820
40 1 4 180

‘ 470 2 740

~ It can be seen that as the fly ash percentage increases, the compressive strength
of the concrete decreases. However, the strength increases considerably with time
until, with a 20 per cent. substitution, the fly ash concrete exceeds the regular

\concrete at about 100 days. The degree of substitution is generally a function
of the chemical properties and fineness of the fly ash. The ASTM has set chemical
‘standards for fly ash acceptance; however, many cities and federal agencies have
set their own, and sometimes more rigid, standards. The exact effect of the
‘chemical composition is not known in all cases. However, it is known that the

) greater the percentage of carbon in the fly ash, the weaker will be the concrete.

\ This effect will be partially offset, however, by increased fineness of the

‘kmaterial. All of the combinations of circumstances affecting the strength of

} the concrete, however, are not yet known; and, therefore, considerable research

~has yet to be .done in order to know completely the chemical effects.

’ ’ The following table shows the physical and chemical properties of
~ Duquesne Light Company fly ash as compared to the ASTM specifications for fly ash
to be used in concrete: ) : i

- Chemical Composition - 9 by Weight

i‘ ASTM D.L. Co.
Silica (SiO3p) ) 41-51

i Aluminum Oxide (Al,03) . 70 max. 26-32

! Iron Oxide (Fep03) 9-14
Magnesium Oxide (Mg0) : 5.0 max. 0.4-1.0
Sulphur Trioxide (503) 5.0 max. -0.3-0.8
Available Alkalies (Naj0) 1.5 max. 0.5-1.5

~ Moisture content @ 105°C 3.0 max. 0.1-0.3
~Ignition loss @ 750°C 12.0 max. 3-7

Physical Properties

Fineness, Blaine Method, cmz/g - ' - 2800-4200
Specific Gravity . - 2.3-2.5
J Soundness, per cent 0.5 max. 0.07-0.2
‘Mean particle size, microns 9.0 max. 6.7-10.0

The cement-water reaction in regular concrete liberates lime in the form
Jof calcium hydroxide. After the concrete hardens and is exposed to water, the

" calcium hydroxide, which is water soluble, will leach out with time, leaving voids

in the concrete. Leaching begins soon after the concrete is placed and continues

for its lifetime. The free calcium hydroxide is attacked by various sulfates and
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other compounds, increasing the permeability of the concrete and thereby leading
to deterioration and decrease in durability. Therefore, concrete should contain
a minimum of calcium hydroxide in order to increase its durability and decrease
its permeability. By using fly ash in concrete, the fly ash takes advantage of
the hydrated lime freed in the cement-water reaction by combining with it. A
chemical reaction between the hydrated lime and the silicon and aluminum oxides
in the fly ash produces insoluble cementing comwpounds. These aid the hardened
particles in the remaining cement mixture to make fly ash concrete superior to

" ordinary concrete in strength, durability, watertightness and resistance to vari-
ous acids, alkalies and sulfates. As would be expected, the fly-ash-containing
concrete does not harden as rapidly as regular concrete; however, the fly ash
concrete will, in time, become stronger than the regular concrete. It can be
seen on Figure 1 that for the particular fly ash-cement combination used (20 per
cent fly ash, 80 per cent Portland cement), the fly ash concrete becomes harder
after about 100 days.

This same lime-fly ash chemical reaction that takes place in concrete
also occurs when mixing fly-ash with lime and aggregate —a combination which has
been used to build low cost temporary roads, airport runways and parking lots.
Actually, the Romans used a similar combination for road building nearly 2,000
,ears ago, except volcanic ash was used in place of fly ash. It is from this
ancient use that the word "pozzolanic'" is derived.

To date, a limited amount of fly ash has been used by the bulk concrete
users. The largest project to date which utilized fly ash as a substitute for
cement was the Hungry Horse Dam in northwest Montana. This dam, which contains
3,086,000 cubic yards of concrete, used 126,000 tons of fly ash with a resultant
saving of $1.5 million. Various other dams and buildings throughout the country,
including Duquesne Light Company's Shippingport Atomic Power Station, have been
built using fly-ash-containing concrete.

If all the concrete used contained fly ash, there would be no difficulty
in disposing of all the fly ash that is currently produced. However, there are
several factors which presently tend to limit the marketing of fly ash on that
large a scale.

First, some degree of consistency, with respect to the properties of
-fly ash, is needed before it can be used in concrete. These properties vary from
location to location and from time to time, because there is no attempt to control
fly ash properties. It must be remembered that fly ash is a by-product of electric
power generation and its properties depend, to a large extent, on how that genera-
tion is performed and also on the original composition of the coal which is burned.
For instance, a station which is base loaded will produce fly ash with a lower
carbon content than a station whose electrlcal output, and therefore coal burning
rate, continually fluctuates. ’

: Second, the basic composition of the coal burned may contain excessive
amounts of undesirable elements. For instance, fly ash may contain excessive iron
and therefore impart an undesirably darker color or may result in staining when
incorporated into concrete blocks or other masonry products. '

Third, the bulk concrete mixing plants are not always conveniently
located to fly ash sources; and, therefore, transportation can be a problem or at
least costly enough to eliminate possible savings.

Fourth, the handling and storage of fly ash can be a problem if it is
used in large concrete projects like dams and buildings. In construction projects
such as these, the need for fly ash is intermittent and storage facilities would
therefore be required to meet the demand when needed.

-

}
|
|
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Fifth, the electric utility industry, as a whole, has probably not pushed
sufficiently hard to develop a market for the material nor to enlighten concrete
users sufficiently. All electric utility companies do not have fly ash disposal
problems, since some companies use other fuels and still other companies have not
experienced problems with dumping because of geographical location. However,
evaluating all factors, it is evident that, at least in certain areas, many prob-
lems exist and that much research is still needed if fly .ash is to be substituted
for Portland cement in any great quantities.

Fly ash has been tried as a substitute material in various processes by
many industries. The previous uses discussed are known to be successful; some
other processes have -been reasonably successful and can use fly ash; while still
others have found fly ash to be an unsuitable material for a particular use

) Experimental work has been done on using fly ash as a substitute for
core sand for steel and aluminum castings. Although the castings using fly ash
molds were smoother, they tended to develop pitting; and also, there was the ever
present problem of handling the fly ash. :

Fly ash was tested as an extender in paint and as a filler in putty.
It proved to be of no value in paint, and particle size was too large for putty. A

Some fiy ash is being used in asphalt roofing and siding materials, f
but has been rejected for floor tile because of its dark color. ) i

A building block was tested using lime and fly ash and containing no
Portland cement. The blocks had a smooth surface which made them difficult to /
handle. Also, they were more brittle, tended to chip and spall after installation
and were heavier than regular block. They were rejected because they afforded no

advantage over the regular block.

|
An investigation was made into the possibility of using fly ash as a {

constituent in brick making. It was rejected because when mixed with clay, the

material packed too hard, was too abrasive and the bricks were too brittle.

Fly ash was tested for use in a sound deadening plaster, but its color
was objectionable.

Fly ash has been tried as an admixture to .fertilizer, replacing foundry
sand, but was found to be too fine and dusty.

Some agricultural experiments have been conducted on pot plantings of
soy beans by adding fly ash to the soil. The fly ash produced a substantial
increase in growth and an improvement in color. .

Fly ash was tried as a filler for abrasive soap, but was found to be
_inferior to the pumice which was being used. It was also found to be unsuccessful
as a filler material in paper and rubber.

Fly ash was tried as a sound and heat insulator, but was found to pack

excessively and absorb moisture when exposed to air. ‘
- . Y

Insulating cement has been made containing fly ash which results in les
shrinkage cracks, and therefore is considered to be superior to other materials
used. ) : : 4

Fly ash has been substituted for pumice in buffing compounds and for
whiting in tooth paste. It did not produce the desired polished finish when use
for buffing, and it was too hard for use in tooth paste.



79

When fly ash was substituted for clay .in ceramic t11e, there was no
improvement in product quality and it cost more to manufacture As a substitute
for diatomaceous earth in plastics, it resulted in a product of poorer quality.

When tried as a filter for water and oil purlflcatlon, replac1ng sand

"and fuller's earth, fly ash did not produce desired clarlflcatlon of the water or
~oil.

The utilization of the individual chemicals of which fly ash .is composed
'may be a possible use in the future. The Bureau of Mines has experimented with
removing traces of germanium which have been found in some. fly ashes. The extrac-
"tion of other elements and cOmpounds may be feasible in the future.
! It is evident that uses for fly ash have been attempted by many indus-
trles, but with only limited success. Those that have found the product useful

I‘do not use fly ash in sufficient quantities to consume any great percentage of the
yearly productlon :

To date, the most promising method for utilizing fly ash appears to be

»as a lightweight aggregate. However, the fly ash must first be sintered and
fcrushed and then it can be used as a substitute for fine or coarse aggregate in
concrete, concrete block, roadways and anywhere else where aggregates are required.
by
. The p0551b111ty of sintering fly ash came to light in the early 1950's
when efforts were made by certain companies to sinter fly ash without first pel-
letlzlng The process was not successful. It was found that pelletizing was
necessary and could be accomplished only after adding expensive binders. Experi-
%rentatlon continued to improve pelletizing equipment, mostly in conjunction with
;ron'ore, so that by 1960 pelletizing could be accomplished without binder ad-
mixtures. By 1961, pelletizing and sintering tests with fly ash.in various pilot
plants demonstrated that fly ash sintering plants of a commercial size were now
technically and economically feasible. Since that time, three fly ash sintering

lants have been installed, one each at Consolidated Edison Company in New York
City;. Niagara Mohawk Power Company in Buffalo, New York; and at Detroit Edison
Company in Detroit, Michigan. All three of these plants utilize the same basic
fesign produced by the McDowell-Wellman Company. The Stirling Sintering Company
of pittsburgh, Pennsylvania, also has installed a small plant near Duquesne Light's
Phillips Station. The McDowell-Wellman process and the Stirling process are
similar in that pelletizing is achieved by adding water to the fly ash in a rotat-
ng drum. Still another process has been developed by the G. & W.H. Corson Company
of. Plymouth Meeting, Pennsylvania, whereby pelletizing is accomplished through an
xtrusion process. Both of the processes then feed the pellets into a gas-fired
bven at approximately 2000°F, and the carbon in the fly ash is burned while at
he same time sintered pellets are formed. These pellets can be crushed to various
izes to give either a fine or coarse aggregate.

The chief advantage of sintered fly"ash'aggregate is its light weight.
hen sized to concrete block grade, sintered fly ash weighs 48-50 lbsJ/cu.ft., while
nother common block aggregate material, expanded slag, weighs 68-72 lb.ku. ft. This
eight differential causes a reduction in block weight from approximately 35 1b.

o 25 1b. This reduction can mean a decrease in building structure costs, handling
sost and shipping cost. - In addition to the reduction in costs realized in using

he block, the block containing fly ash aggregate can be produced at a lower cost,
'ince it has. been shown that less Portland cement is required to produce a block

f comparable strength with fly ash- than with regular aggregate. The ASTM speci-
ications for a 28-day cured concrete block having a minimum shell face thickness

f 1-1/4" is 1000 psi compressive strength. Tests which have been performed on
Yock made from Duquesne Light Company fly ash and sintered in the Corson Company
lant have shown compressive strengths of 1580 to 1920 psi, depending on the

antity of Portland cement used. _
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Tests have also been performed on bulk concrete made using fly ash as a
coarse and fine aggregate. These tests have shown that where the ASTM compressive
strength test requires 4000 psi for 28-day cured concrete, the fly-ash-containing
concrete was tested to 4910 psi, which surpasses the 4800 psi concrete made using
expanded slag as an aggregate. It can readily be seen that concrete and concrete
block using fly ash aggregate greatly exceed the minimum established strength
requirements. When used in roadway construction, concrete containing fly ash
aggregate as an added benefit has been shown to be more skid resistant,

With the advantages previously mentioned, the market for fly ash aggre-
gate appears to be almost unlimited. Present surveys have indicated that a real
demand can be established, provided a quality product can consistently be produced
by the sintering plant. Because fly ash sintering is a relatively new concept,
operational difficulties have been encountered by the three utilities previously
mentioned which have fly ash sintering plants; however, all feel that most of the
problems that still exist are due to inexperience of operation and newness of
equipment design. Duquesne Light Company, at the time of preparation of this
paper, is proceeding with the design and will install a fly ash sintering plant
at its Elrama Station. With the expectation of being able to turn a costly ex-
pense into a profit-making operation, it is anticipated that more companies will .
likewise investigate the possibilities of sintering fly ash. It is even possible
that future designs of pulverized coal burning stations will incorporate fly ash
sintering facilities as an integral part of the station design and operation. %

) The electric utility industry, as a whole, is very enthusiastic over
the possibilities of sintered fly ash, feeling that perhaps at last a use has
been found that can utilize all of the fly ash that is produced and end once and
tor all the problems presently encountered in fly ash disposal. /
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MINE EFFLUENTS
S. A. Braley

Pittsburgh, Pennsylvania

" ABSTRACT

A general discussion of cosl mine "discharges, either acid or alkaline,
\ The oxidation of sulfuritic compounds to form acid and subsequent
reactions which result in thg extreme variation of compositién of
discharges.

. The use of by as & means of estimating acidity or alkalinity.

Pollutional constituents and their relation to receiving stream.
Y A discussion of various suggested methods for control such as neutrali-
zation and "Miné Sealing.” The possible effectiveness of water handling

and control as 2 means of abatement of pollution.

-—
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SOME ECOLOGICAL EFFECIS OF ACIb MINE DRAINAGE
IN THE UPPER MONONGAHEIA RIVER

Arnold Benson

West Virginia University
Department of Biology
Morgantown, West Virginia

ABSTRACT

Data and interim conclusions are presented as part of a. continuing
study of fish populations in a thirty-mile reach of the Monongahela
" River main stem above the West Virginia-Pennsylvania state line. Acid
mine water discharged into the Upper Monongahela drainage results in a
chemically degraded environmental situation demonstrated by data on pH,
acidity, total hardness, and iron. Chemical degradation is ecologically
expressed in the limited species composition of bottom fauna and fish
communities. Bottom-fauna forms commonly considered to be pollution
" indicators appear to constitute an adequate food supply for the resident
fishes. Elimination of competitive and predator species of fishes by |
.acid conditions is postulated as being of ecological significance in the
maintenance of a thriving population of the pollution-tolerant black
bullhead. Other species of resident fishes (bluegill, pumpkinseed, and
green sunfish) appear to exist under marginal environmental conditions
-approaching lethal limits of pH and acidity.

N—
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KINETICS OF THE SULFIDE-TO-SULFATE REACTION
A. H. Morth* and Edwin E. Smith

Engineering Experiment Station
The Ohio State University
Columbus, Ohio

A broad-based study of the sulfide-to-sulfate reaction mechanism in relation to the
roduction of acid mine drainage is being made at The Ohio State University. This report
-oncerns one aspect of the program; the attempt to define kinetics of the rate-determining
nechanism in a chemical (rather than biological) regime.

This phase of the study was pro‘mpted by the numerous and conflicting reports on
he quantitative relationship of variables on oxidation rate of pyrite, and to confirm or
-efute some of the beliefs that have been taken as self-evident or intuitively assumed as
act.

\ Two obvious items, acknowledge to influence rate of pyrite oxidation, are oxygen
ind water. In the absence of water and oxygen (or other effective oxidizing agent) the rate
s (comparatively) zero. The role of water in the reaction, and the influence of oxygen
:oncentration on oxidation rate have never been satisfactorily explained.

) . .

Reports of early laboratory studies (2,4,7,8,9) noted the effect of water and oxygen
oncentration on oxidation rates. The rate of oxidation was reported to be essentially inde-
sendent of oxygen concentration (4), to be first order in respect to oxygen concentration (8);
:nd the rate in air to be one-half that in oxygen (7).

\ . More recent work in this laboratory (1,6) indicated that vapor phase oxidation rates
rar1ed directly with partial pressure of water and that the rate in air was approx1mate1y 35%
of that in pure oxygen.

In order to reconcile these differences, an attempt was made to determine the nature
>f the rate-limiting mechanism and to explain the role of oxygen and water in the kinetics of
wyrite ox1dat10n

EXPERIMENTAL

)

\ In addition to standard Warburg equipment a.hd techniques, equipment shown in

“igure 1 were used. The apparatus shown in 1A and 1B are similar in concept; 1A recircu-
ating the vapor phase, and 1B the liquid phase, through a bed of pyrite. In each case,
xidation of pyrite was monitored by measuring the quantity of make-up oxygen required to
naintain a constant pressure in the vapor space.

/

! This type of equipment was used for several reasons: 1) fo establish influence of dif-
usmnal resistances and desorption of reaction products on reaction rates, 2) to enable con-
101 of concentration of various components in the recirculating fluid, and 3) to permit
;\,anodlc sampling of streams to follow build-up of reaction products.

*Present address: Monsanto Company, Indiana Orchard, Massachusetts.
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Figure 1C is a modified differential Warburg unit used to determine oxidation over .
comparatively wide pressure ranges. It consists of two identical flasks on either arm of a
manometer. The same quantity of water was added to each flask, then pyrite placed in the
right-hand flask. A small amount of manometer fluid was added to the top of the mercury
so that when the level was raised, the fluid filled the arms of the manometer to the desired
height. To fill the system with vapor, the mercury column was lowered so that the water
level was at the right~hand stopcock, the system evacuated, and then the vapor admitted

- through the vacuum line. The left stopcock was then closed and the mercury leveling bottle
raised or lowered depending on ‘the pressure in the system so that the water level rose half-
way in the manometer. The entire assembly was agitated during liquid phase runs.

The pyrite sample used for all runs reported in this paper was a "'sulfur ball' mate-
rial collected from the Middle Kittanning No. 6 coal seam in Vinton County, Ohio. Several
stages of float-and-sink separation on the crushed coal were used to obtain an 85% FeS
material. This was then carefully screened and the 70 to 100 mesh fraction used as the
sample.

RESULTS

Data on liquid phase oxidation showed that flow rate of fluid through the bed had no l/
effect on rate of oxidation. Also, the rate remained constant for the duration of the runs
-(one to two weeks).

Two runs were made with a column of "Amberlite" IRA-120 in series with the r
reactor to remove all iron from the circulating fluid. With ""zero" iron in solution, the rate
remained the same.

- The relation between increase of iron in solution and oxygen absorbed was frequently
checked and found to be approximately 3.5 moles oxygen consumed per mole of soluble iron
produced The relative ferrous-ferric ion concentration was found to vary between 85% and /

o ferrous for runs listed i Table 1. ‘

A A series of liquid phase runs were made in which oxygen concentration in the vapor
space and temperature were varied. The results of these runs, together with those obtained
with the ion-exchange resin in the system, are listed in Table 1.

A similar study was made using the vapor phase apparatus. As in the liquid phase |
runs, flow rates had no effect on rates. The rate of oxygen absorption remained constant
throughout the run period which varied from several days to two weeks. Temperature and
humidity of the recycled vapor were varied. The results are listed in Table 2. g

Since the other oxidation units were not capable of operating over wide pressure
ranges, the equipment shown in Figure 1C was constructed. Runs were made at different
oxygen pressures and vapor compositions to study the effect of dissolved oxygen and nitro-
gen concentrations on oxidation rate. These data are shown in Table 3. \

All rate data in Tables 1 and 3 were recalculated to the same reference--10¢ micro-
gram oxygen per hour per gram of pyrite at 25°C and 76 cm. Hg. oxygen pressure. This
was necessary in order to get consistent results from one column packing or washing to the
next. The principle problem was the tendency of the sulfur ball particles tobreak-down dur-
ing agitation. For one continuous series of runs, the change from runto run was small. But !
after washing or repacking, a reference run was necessary to obtain comparative rates. {,
f
1

{
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INTERPRETATION OF EXPERIMENTAL RESULTS

Based on the observation that 1) flow rates of the recirculated fluid had no effect on
oxygen absorption rates, 2) rates were constant throughout the test period, and 3) removal
of iron from solution did not affect rates, it seems evident that reaction rates in the recir-
culating-type equipment, for the reaction periods used, are not influenced by diffusional
resistances nor desorption of oxidation products. This conclusion is substantiated by the
value of 14 Kcal, per gram-mole for the activation energy determined from an Arrhenius
plot of data presented in Table 1. This value for activation energy is typical of a reaction-
controlled mechanism, rather than a physically-controlled rate limiting step.

Role of Water

In studying the role of water, Kim (6) made a series of vapor phase oxidations using
the equipment in Figure 1A. Over the limited temperature range studied, he observed that
the rate varied linearly with absolute humidity (or partial pressure) of water in the vapor
phase, apparently indicating that the rate of oxidation was first order in respect to water
and suggesting that water is a reactant.

When this study was extended to cover a wider temperature range, a distinct temper-

’ ature dependence was observed, as shown in Figure 2. It was also noted that in the tempera-
ture range covered by Kim, both the oxidation rate and partial pressure of water vapor (over
a saturated salt solution) doubled with a 10°C temperature rise. In other words, the influ-

' ence on rate observed by Kim may be interpreted as a change caused by temperature at a
constant relative humidity. The runs plotted in Figure 2 are replotted as Rate vs. % Relative
Humidity in Figure 3. Note that at a given value of relative humidity, the rate nearly dou-
bles with each 10°C increase in temperature, the same as observed in liquid phase oxida-
tion. The curves in Figure 3 are typical Type I adsorption isotherms (according to
Brunauer (3), et al,) suggesting that rate may be dependent on quantity of water adsorbed.

\
When the isotherms of Figure 3 are extrapolated to 100% Relative Humidity and the
rates thus obtained plotted together with those from the liquid phase runs (Figure 4), the
similarity of temperature effect in both vapor and liquid phase oxidations is apparent.

.While it is not possible to describe the role of water in all phases of the reaction, at
* least for the rate-limiting reaction, water is involved as a reaction medium rather than a
. reactant. -If water were one of the reactants, the rate of reaction would level-off as the
* partial pressure of water approached saturation pressure (i.e., as water is no longer the
. limiting redctant). Instead the rate of increase is greater as water concentration nears
) saturatlon as seen in Flgu.re 3..

Even in vapor phase oxidation, rates remain constant over long periods of time.
This can be explained by products "salting-out" of a condensed liquid phase as the content
,of dissolved reaction products reaches saturation. This process was qualitatively observed
; by Birle (1) who presented photomicrographs showing the build-up of salts around the edges
{ of pores or etch marks which contained water.

) 1t is possible that the basic function of water is to provide a means by which the oxi-
{ dation products are desorbed (dissolved) from the pyrite surface. Normal oxidation, which
. may occur in the dry state on clean surfaces, could be stopped by build-up of products on
"the "reactive sites' of pyrite. If the isotherms of Figure 3 are coincident with adsorption
lisotherms for water, then the rate would be directly related to the quantity of water ab-
'sorbed. This relationship is now being examined.

' 2

e e~ s —
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Role of en

Possible kinetic mechanisms by which oxygen enters the rate-limiting reaction are
suggested by the data presented in Table 3.

- These data give a quantitative relation between oxidation rate and oxygen concentra-
tion, and indicate that the concentration of inert gas (nitrogen) affects oxidation rate,

Using procedures and modifications suggested by Hougen and Watson and others
(5,10) rate equations-for different assumed mechanisms can be derived. For the type of
reaction under study, simplifications can be made. It has been shown that neither desorp-
tion of products nor diffusional resistances influence the rate of reaction under the labora-
tory conditions used in this study. Therefore, the experimental rates can be considered
"initial rates' and derivations simplified by eliminating consideration of both product com-
position and concentration. .

It is possible to postulate a mechanism that results in a rate equation which corre-
lates experimental data within limits of experimental error.

This proposed mechanism involves the dissociation of oxygen when.adsorbed on ,
"reactive sites' of pyrite (Reaction 2). Simultaneously, inert gas (nifrogen) can be )
‘adsorbed (Reaction 1) and compete for these "reactive sites.!" The rate-limiting step is the
decomposition of the activated complex formed by dissociated oxygen (Reaction 3).

This mechanism can be expressed by the following reactions:

k
f1
I1+s 2 Is (1)
k
r, 7
K¢
2
A+ 2s 7 2Ag* ’ 2)
2 e .
k
T2
K3 ,
2As* - P ) (3) -
where: I = inexrt gas (nitrogen)
A 2 = oxygen
s .= reactive site of FeS2
As* = activated complex of dissociated oxygen and reactive R
site

P = product (or products) of reaction
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The rates for the individual reaction are:

r, = I(1 -0,-6p - 1 8 4)
= - - 2 - . !
Ty = kg, Cpll0,0) -k 0, | )
a2
r =k®8 6
3 3 A (®)
where: © A and OI ~ = fraction of total reactive sites
: " occupied by oxygen and inert gas
x : C and C - = concentration of oxygen and inert
l gas in aqueous phase ,
\ Reaction 3 is the rate-limiting step, so Reactions 1 and 2 are at ethbnum or
T and r,=0.

1 2

Then the adsorption equilibrium equations can be written:

e

) kfl 0
L KI = k_ = __...1_ . 44
-6 -9
! ry CI(l eA I)
k 2
£y %A
TN T as o2 - ®
T C (1-8 -9
2 A( A 1)

" Solving for GA and 61 in terms of equilibrium constants, the rate equation may be
i’ .

ritten:

k K,C kC
4 ATA A
T = = 9)

4 VK C +kKCc )2 @a+VK C +KC)H?
(L+VK,Cy P RCY ( NI 2

Another possible mechanism results in a rate equation giving slightly poorer corre-
tion. This assumes the formation of an activated complex by the adsorption of oxygen on
.smgle site, i.e.,

A2 +s 2 Azs* (10)
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As* - P 1)

The final rate equation for this mechanism is:

kCA : ’ . ‘
r = (12) :

11 +K. C +K.C
ATRNCA RS i

Using the data for pure oxygen (C 0) from Table 3, equations 9 and 12 were solved
Xys
for "k" and "K ."
A

Plotting the data of Table 3 together with equations 9 and 12 in Figure 5 indicates
that the dissociation mechanism (equation 9) is consistent with experimental data. However,
it must be emphasized that this does not prove the validity of the mechanism. It merely .
indicates that the proposed mechanism is possible according to this set of experimental data. /
The single-site adsorption mechanism (equation 12), although showing greater deviation, can|
not be eliminated on the basis of these data.

I

{

However, other mechanisms that have been suggested can be discarded. For ex~ ,‘
ample, the reaction of another molecule of oxygen with the activated complex, i.e.,

Ags* + Ay > P (13)

is not probable since the rate equation would involve a (C A) term in the numerator.

The same type of analysis can be used to show that neither the physical nor chemical
" adsorption of oxygen can be the rate-limiting reaction. If this were the case, the initial
rate would be proportional to the concentration of oxygen.

The presence of dissolved mtrogen reduces the rate of oxidation slightly as shown in 1
Table 3. The rate data is not so consistent that a reliable value for KI can be calculated. i

Since the adsorption of oxygen occurs in an aqueous medium and since the presence
of nitrogen reduces oxidation rate, it is likely that physical rather than chemical adsorp-
‘tion on "reactive sites" is involved. It is unusual for chemisorption to occur from hlghly
polar solvents. Also, if oxygen were chemisorbed, nitrogen would have no effecton rate..
At the same time it does not seem likely that nitrogen could compete with oxygen in an
agueous solution for physical adsorption on a relatively non-adsorptive material like pyTrite.

A more critical study of the effect of nitrogen on the reaction is needed since the
manner in which oxygen is adsorhed is of fundamental importance to inhibition studies. The
adsorption of oxygen will have to be determined indirectly since normal procedures used to
study adsorption of gases can not be used for the oxygen-water-pyrite system.
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TABLE 1
LIQUID PHASE RUNS

TABLE 2
VAPOR PHASE RUNS

}‘Rate =

Microgram oxygen, per gm. pyrite, per hour

Vapor Partial Press. .

Conc. Temp. Oxidation Temp. of Water % Rel. Oxidation
(% 0y) °C.) Rate* (°C.) (mm. Hg.)  Saturation Rate*
100 20 58 25 22.8 96 85
100 25 100 17.8 75 50
100 30 138 12.6 53 25
100 35 215 7.6 32 16
10 25 23 35 40.5 96 168
26 25 47 31.2 75 90
54 25 79 21.5 51 57
79 25 . 85 13.1 31 33
100 25 100 45 69. 96 400
100 25 102%* 53.2 75 152
100 35 210%* 33 46 70

22.3 31 48
**With "Amberlite"
TABLE 3
VARIABLE PRESSURE RUNS AT 25°C
Oxygen Nitrogen Liquid
Pressure Pressure O2 Conc. Oxidation
(cm. Hg.) (cm. Heg.) (ppm.) Rate*
76 0 39.4 100
183 0 95 165
170 0 88 162
170 0 88 156
143 0 74 144
91 0 47 110
48 0 25 68
38 0 19.5 62
28 0 14.5 52
21.5 0 11.2 39.5
" 920 0 10.4 37
14 0 7.3 34
15 0 7.8 32
10 0 5.2 . 25
34 128 17.5 47
15 100 7.8 30.5
14 67 7.3 30
15.5 59 8.0 26.5
10 70 5.2 24.5
7.1 27 3.7 19
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AJR SEALING AS A MEAKRS OF ABATING ACID MINE DRAINAGE POLLUTION

Noel N. Moebs

Pittsburgh Mining Research Center
Bureau of Mines, U.S. Department of the Interior
- Pittsburgh, Pennsylvania

ABSTRACT

, The oxidation of iron sulfides in a cosl mine in the presence of excess moisture
results in the formation of free sulfuric acid. The acid may be transported by the
nmine discharge to streams where it constitutes a major pollutant in several Appalach-

'1an States. :

f Both fleld and laboratory tests indicate that i1f oxygen can be excluded from an
.abandoned coal mine, the oxidation of pyrite will be prevented and acidity of the
lnine discharge reduced. »

' The Buresu of Mines has selected a small abandoned mine with a highly acid dis-
'l{:ha.rge and plans to seal it to prevent air from entering it. A study of the geologic
and hydrologic environment of the mine 1s expected to serve as a basis for comparing
the quality of the mine discharge before and after sealing and to aid in evalusting
lthe effectiveness of mine air sealing.

‘ Certain relationships of dissolved solids and total acidity to the flow rate
were determined and explailned as dilutlon or climatological effects. These relation-
ships must be considered in any evaluation of changes in the quality of the mine

discharge. .
INTRODUCTION

‘ When coal deposits are exposed to natural ueé.thering and erosion, the iron sul-
rfides contained in the coal and adjacent strata oxidize to form new compounds con-
"Eisting of ferrous sulfate and free sulfuric acid. Oxygen in the atmosphere further

i

oxidizes the ferrous sulfate to ferric sulfate, which then hydrolyzes in an excess
of water to insoluble iron hydrates known as "yellow boy," and sulfuric acid. The
coal itself is largely unreactive and subject only to mechanical disintegration.
Figure 1 sumarizes the essential reactions belleved to take place during the oxida-

tion of iron sulfides.

'
} _ Removal of the coalbed by mining exposes large surface areas to oxidation and

' greatly accelerates an otherwlse slow natural process. Mining also may draln ground
water from the surrounding strata and this seepage will dissolve the acid salts
'formed in the mine and transport them to the streams.

\ So-called sulfur water was recognized several hundred years ago as being common
to the coal mining districts in England and first was observed in the United States
about 1698, long before commercial mining began. In 1803, a reference was made to
'sul furous water issuing from coal outcrop near Pittsburgh, Pa.; by 1890, acid drain-
age from coal mines in western Pennsylvania was blamed for extensive fish kills in

'the Youghiogheny River at McKeesport.

\ . .
. A combination of four factors--extensive coal mining, abundant rainfall which
'produces large quantities of mine water and runoff, a low natural alkalinity of the
streams, and the presence of pyrite in the coal--are responsible for the concentra-
fon of acid mine drainage problems in the Eastern Mountain States from Pennsylvania
lto Alabama. Acid drainage from mine sites usually reaches the major rivers via small

ributaries. .
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In a recent special report prepared for the House of Representatives Committee
on Government Operations, Subcommittee on Natural Resources and Power, 1t is claimed
that the effects of acid mine drainage pollution are felt by more than 10 million
people living in metropolitan and industrial areas of the East. :

The problem in the Appalachian Reglon has become progressively worse in this ‘
century because of the large increase in the number of abandoned mlnes, and because
water pollution does not necessarily end when mining is discontinued. The chief of-
fenders are the abandoned above drainage mines from which water may continue to floy
indefinitely. However, all such mines do not produce acid water. In many instance¢
the hydrologic and geologic enviromment is the controlling factor. ‘

In 1924, the U.S. Public Health Service made a study of stream pollution which
included an investigation of the possibility of air sealing abandoned deep mines !
above drainage so as to prevent oxidation and the formation of sulfuric acid.

Thé basis for mine sealing lies in these two nearly incon*bestable facts:
1. Exclusion of alr from sulfide material prevents its oxidation.y

2. Reducing the amount of water pass g through a mine reduces the acid !
load put into the streams receiving the ef‘fluent .

In 1933, the Bureau of Mines issued a report which recommended the air sealiné
of abandoned mines in ten Eastern States. Consequently, between 1935 and 1938, and
again from 1947 to 1950, hundreds of masonry seals were placed in abendoned drift
mines by State and Federal organizations. Dry drifts were closed with a simple J
masonry block alr seal, but mine openings through which water was flowing were
equipped with a trap which allowed the water to flow out but prevented alr from ‘
entering. ;

The sealings were not followed up with a detalled study of the change in water{
quality; however, general observations showed the results to be favorable, with a
substantial initial reduction in the quantity of acid in streams receiving the mine
drainage. Same of the seals since have deteriorated, some sealed mines have been
opened and numerous additional abandoned mines are not presently sealed.

Preliminary results of recent laboratory investigations conducted by the Burea
of Mines seem to offer a positive technical reason for pursuing mine sealing as a J
means for abatement of acid pollution. Using the Warburg manometric apparatus to d
termine the effect of oxygen deficiency on the reactivity of pyrite in the presence
of water, the atmosphere was varied in the sealed vessel from normal air to 100 pe
cent nitrogen. After each test, which ranged from 1 to 4 days, the total iron in
solution was determined as a measure of the oxidation of pyrite.

After the first day, the amount of iron in solution was directly proportional |
to the oxygen content of the atmosphere and to the exposure time. With the nitro
atmosphere, the iron in solution remained constant at a negligible value throughou
the test period. 1

Technical reports on acid mine drainage range over many aspects of the probl
but few deal with actual case histories of individual mine sealing and the effectl
ness of mine air sealing as a means of abating acid mine water pollution. Clearly
vhat is needed is more data on sealing and the natural enviromment of the mine.

1/ Braley, S. A. Acid Mine-Drainage VI. Control of Oxidation. Mechanization,
v. 18, No. 6, 1954, pp. 105-107.

g/ Pennsylvania, Commonwealth of. Control of Acid Drainage From Coal Mines. Dept
of Health, Sanitary Water Board, 1952, 28 pp.
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Early in 1962, the Bureau of Mines and the Coal Industry Advisory Committee to
the Chio River Valley Water Sanitation Commission (ORSANCO) entered into a coopera-
tive agreement to conduct research in acid mine drainage. One of the projects is to
evaluate mine sealing as a means of reducing the discharge of acid mine water from
abandoned deep coal mirecs above drainage. As prerequisites to the field study, it
was necessary to locate a small abandoned underground mine having a minimum number
of openings, isolated from any active workings, and currently discharging acid water.

 An investigation of possible sites was made and a mine near Kittanning, Armstrong )
, County, Pa., was selected. Cooperative agreements also were signed by the Bureau of
. Mines, the property owner, and the former operator of the mine, who supplied a map
of the underground workings.

This mine affords a good example of the stream pollution which can result from
the acld drainage from only one small mine. The total acid load, which is volume
times acldity of the mine discharge for 182 days, sampled at random throughout the
year of 196’+ was equal to 41 tons of sulfuric acid. Therefore, the estimated acid

)loa.d for the entire year would equal approximately 80 tons, which flows directly. into
a major tributary of the A.'Llegheny River.

A prefabricated building was erected at the mouth of the mine drainage drift in
May 1963 to house equipment for the continuous monitoring of the pH, conductivity,
Eh, and flow rate of the mine effluent. An automatic sempler was installed, and all
mine water was diverted through a V-notch weir. A continuous record of the quality
a.nd quantity of the wa.ter has been maintained since September 1963.

In the summer of 1964, a study of the geologlc and hydrologic conditions of the
mine was initiated so that a better understanding and interpretation of the results
of mine sealing might be achieved. In December 1964, a topographic base map of the
‘mine property was prepared from aerial photographs and later a map of the mine work=-
ings was superimposed on the topographic map.

In December 1964, four diemond drill holes and two shallow auger holes were
drilled to gather additional information on geologic strata, ground water, and mine
subsidence. The drill holes also are used, where possible, to collect samples of
\the mine atmosphere.

b .

! The Bureau of Mines plans to air seal the mine this year. The four dry mine
openings are to be closed with masonry blocks and mortar, then coated on the outside
with urethane foam to assure an alrtight seal. The dralnage drift seal also 1is to
'be of a masonry type structure, provided with a trap, which permits the outflow of
water but prevents the inflow of air. Copper tubes are to be placed in all five

| seals so that samples of mine atmosphere can be collected periodically to test for
,oxygen depletion. Air samples collected prior to sealing show a normal oxygen
,content.

GENERAL GEOLOGY"

\ The mine is located in the Allegheny Plateau, a region of virtually horizontal
sedimentary strata which have been eroded by streams to form a dissected, hilly to-
‘pography. The poorly exposed bedrock belongs to the lower part of the Conemaugh
series and the upper part of the Allegheny series, both of the Pennsylvanian system.
The beds are composed predominately of siltstone and sandstone with minor amounts of
claystone, limestone, and coal.

. The mine was worked in the Upper Freeport coalbed, which is the top formation
\m the Allegheny series. It is the only coal of economic importance in the immediate
‘area. It is a bright banded, moderately low sulfur coal, 42 inches thick. The coal
seam lies above drainage and was mined from beneath a "peninsula" in the topography.
It outcrops on three sides of the hill but to the northeast is under higher topogra-
phy and deeper cover, which ranges up to 200 feet thick. Structure contours on the

[
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base of the coal seam show a dip of about 1 degree to the south, although at the
south end of the property the beds which are exposed in a highwall dip slightly to
the north. Mine drainage, therefore, is generally to the southeast.

Surface water is absent from the mine property except during heavy thaw or pre-
cipitation. Surface drainage from the hill overlying the mine is by means of small ‘
perennial streams in the valley on each side of the hill, which are tributaries to
Cowanshannock Creek. The mine effluent of pH 3.1 flows into one of these tributaries{
The pH of Cowanshannock Creek above this tributary is 7.2 and below 1s 6.2. The cree
is more than 20 times as great in volume of flow at low level than the stream carry-l
ing the mine discharge. 4

CLIMATE 1

The climate of the Kittanning area has a direct bearing on the ground water con
ditions at the mine. Precipitation is distributed fairly evenly throughout the year
June, July, and August are months of maximum evapotranspiration and lowest mine
drainage rate, while highest surface runoff and maximum ground water recharge occur
during the January to April period when mine drainage rates are highest.

About 46 percent of the land immediately overlying the mine workings is cokmd
by stands of mixed hardwoods which fringe the hill. The remainder of the land is A

covered by an open grassland growing on the gently sloping hilltop. Figure 2 gives
a general view of the setting.

)

HISTORY OF MINING

Some time prior to 1929, coal was dug from two small drifts on the property; ir
1942, one of these drifts was reopened and briefly used as the entry for a small mii
7

In 1952, coal was stripped from along the southwest and southeast sides of the
hill. The stripping was backfilled but not restored to contour. From later in 1954
until 1958, the coal was deep mined by conventional methods with good roof conditio
and relatively little water seepage. Beginning in 1958, the remaining pillars of
coal were mined; by 1959, all recoverable coal had been removed. The main entries
were sealed In 1962 for safety purposes. The former operators reported a moderate
increase in mine water after the pillars were mined. ‘

During and after mining, there was surface subsidence within a small area alon‘
the northern limit of the property, but no other evidence of surface subsidence was
observed. :

SULFUR BURDEN OF ROCKS

It has been well established in the literature that the source of sulfur esse
tial for the formation of acid mine water is in the iron sulfides, which are errat-
‘1cally distributed throughout the coal and adjacent rocks. Organic sulfur compoun
associated with coal are not sufficiently reactive to contribute to the formation
acid mine water. .

Channel samples of the coal from the mine have an average pyritic sulfur cont
of 0.35 percent. Low values of 0.1lT7 to 0.36 percent also were determined from sam
ples of roof rock, while gob recovered from the old workings contained an average
2.00 vercent pyritic sulfur. The highest and, also most erratic values were found
in the layer of underclay, Just below the coal. These ranged from 0.27 to 17.28 p
cent. It, therefore, appears that most of the sulfur in the mine occurs in the go
piles and the top layer of underclay.
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DIAMOND DRILLING

In order to gather as much information as possible on the environment of the
mine, four core holes were drilled into the strata overlying the mine workings and
two auger holes were drilled in the spoil banks or backfill from the strip mining.

In brief, the core holes shoved.the following:
1. Depth to bedrock was 10 to 12 feet.
2. Bedrock was soft or oxidized to a maximum depth of 95 feet.
3. Fracturing due to mine subsidence was not evident.
L., Core recovery was good. ‘
S. Siltstone was the most abundant rock type..

6. laboratory tests on water permeability of the sandstone showed only
0.01 md.

\ T. The mine workings were largely filled by caving or heaving of the
floor, although conditions varied.

8. Only one of the four holes retained any water above the mine workings.

§ 9. Limestone occurs only below the coal seam ,_q_nd underclay and can have
" 1little neutrslizing effect on the mine water.

GROUND WATER

The flow rate of the mine discharge ranges from 6 to 632 gpm and is dependent
chiefly on the season and quantity of precipitation. The base flow of 6 to 8 gpm
\y persists throughout prolonged dry spells and is derived from ground water storage de-
\{‘»pletion, while peak flows are associated with late winter and spring precipitation
and thaws. The graph shown in figure 3 covers only a l-year period but is represen-
. tative of these relationships. The graph also shows that the acid load of the mine
effluent, which is a product of acidity times flow rate, is proportional to the flow
rate. Similar prgportions and seasonal effects on mine flow rates have been reported
1 by S. A. Braley. :

The graph shows a lag in response of the flow rate to precipitation of from 3 to
, 5 days, indicative of the time required for water to percolate from the surface to
the mine workings. .

! In calendar year 196k, which was selected for analysis, a total of 41.96 inches

'\of precipitation was recorded. During the same period, total mine effluent was

' equivalent to 12.84 inches of precipitation for a 92-1/2-acre area. These values
, suggest that about 30 percent of the precipitation over the area infiltrates down-

, vard into the mine; the remaining 70 percent is retained as aquifer recharge or 1is
lost as runoff and evapotranspiration. This is in general agreement with the work

' of Carpenter and Davidson, who found that the quantity of drainage from shallow
mines in westérn Pennsylvania equaled about 25 percent of the precipitation above
» the mine. :

.3/ Braley, S. A. Acid Mine Drainage IV. Composition and Flow. Mechanization,
Ve 18, No. 1": 1951") p. 137'138'

E/ Carpenter, L. V. and A. H. Davidson. Development in the Treatment of Acid Mine
Drainage. West Virginia Univ. Assoc. Bull. 2, No. L, 1930, pp. 50 to 57.
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The high rate of infiltration occurs' chiefly during the dormant season and ap-
pears to be facilitated by the gentle slope of the topography,.a natura.l permeability
of the soil, and subsidence fractures in the bedrock.

The presence of subsidence fractures may be inferred from the fact that pillars -
were removed from much of the mine and from the loss of three springs on the property
during the course of mining. The relative soil -infiltration rate was determined by ‘
- using the double ring infiltrometer on different soil types above the mine and, for
purposes of camparison, on materials of similar or contrasting properties from other
localities. Results show that the soil types above the mine may be classified as .
highly permeable and capable of transmitting rela.tively large amounts of meteoric
water to the subsoil and bedrock.

GEOCHEMISTRY OF GROUND WATER

Dreinage from the mine consists of ground water which has derived its chemical
composition chiefly while percolating downward through the overburden and passing
through the mine workings. It is characterized by high acidity and a high concentra-
tion of dissolved solids. The temperature of the water from the mine virtually is
constant at 52° F. ' .

Other nearly constant qualities of the mine water are the pH and Eh, which fluc~
tuate within the narrow range of 3.0 to 3.2 and 625 to 825 mv, respectively. Conduc- -
tivity varies over a moderate range of 1,400 to 2,600 micromho. It correlates
closely with the fluctuation in dissolved solids content of which iron sulfate con-
stitutes the major percentage. Total acidity, measured in terms of equivalent CaCOg3,
ranged from 180 to 950 ppm and showed a correlation with the total iron content of -
the mine water since sulfates other than iron contribute very little to the total
acidity; the dissolved solids concentration is an approximaste index of the total
acidity under the current conditions. Figure 4 shows the results of plotting the
mine effluent flow rate against 139 total dissolved solids analyses which are sep-
arated, according to the time of sampling, into growing and dormant season for the

_period of October 1963 to October 1964. Two features of the plot are particularly
outstanding: The contrast in solute between the dormant and growlng season, and the ¢
correlation of dormant season solute and flow rate below 300 gpm. High flow rates v
were not determined. The solute concentration is inversely proportional to the flow
‘rates below 300 gom reflecting the dilution effect of increased flow. At discharges

" greater than 300 gpm, the above effect apparently is overcome by a flushing action in

the mine whereby higher water levels dissolve an accumulation of highly acid salts
which have formed as a result of the oxidation of iron sulfides. In flow rates of ;
less than 150 gpm, there -is more solute in the mine water during the dormant season
than the growing season. As yet, there is no satisfactory explanation for this re-
lationship. Similar relationships were observed between total acidity and flow rate.

I

DISCUSSION

We have attempted to determine the environmentel conditions of the mine e.nd have
collected data on the volume and quality of the mine discharge so that we have a basiSﬂ
for comparing water quality before and after sealing and, therefore, can evaluate the
effectiveness of alr sealing in reducing the acidity. We have tried to determine the
source of the mine water in order to try to divert or seal off surface water and re-
duce the acid load of the effluent. The high infiltration rate and permeability of
.the overburden to water suggest that we may not be successful in this direction.

\
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SUBSURFACE DISPOSAL OF ACID MINE WATER
Karl Vonder Linden and Robert Stefanko’

.Department of Mining
The Pennsylvania State University
University Park, Pennsylvania

Introduction

While the mining industry has concerned itself with mine drainage
in the past, recent legislation in Pennsylvania has accented the
problem. Reclassifying acid mine drainage "as an.industrial waste and
prohibiting its disposal into any stream, clean or polluted, were the
two basic changes in the new Clean Streams Bill that caused a re-
apprraisal of an old and perplexing problem., With millions of gallons
of mine water containing sulfuric acid, ferrous sulfate and ferric
hydroxide being discharged annually in amounts of acidity varying:

from 50 to 20,000 ppm, research has been accelerated in an attempt to
cttain a solution.

A

N Iron disulfide, FeS,. associated in surrounding rock strata as
well as in the coal seam itself, undergoes chemical change in the
presence of alr and water, resulting in acid water formation. While
there is some disagreement as to the exact mechanism, the following
reactions are generally accepted:

2FeSs + 2H20 + 702 —> 2FeS04 + 2H2S0, (1)
UFeSOs + Ho30, + 02 — 2Fe=(S04)s + 2H20 (2)
Fe2(S04)s + 6H20 —>  2Fe(OH)s + 3H2504 " (3)

There is no typical acid mine water and it is a more complex solution
%han the above equations would indicate. Not only does the ferrous
to ferric iron ratio vary, but pH is not a true indicator of total
acidity. Additional ions such as silica, aluminum, manganese,
calcium and magnesium are present, as well as autotrophic bacteria
which are thought to accelerate the formation of acid.

’ While coal associated iron disulfide usually is isolated from
>xygen and water in its natural environment in the earth, mining the
soal seam removes support from the overlying strata inducing caving.
An- influx. of water and air, together with the exposure of additional
acid-producing materials, provide all of the necessary ingredients
Tor the above reactions to occur. - Even then, il the water could be
semoved from the mine immediately, acid water need not be produced.
Snfortunately, the caved areas become inaccessible and the overflow
's the major contributor of acid mine water. It becomes obvious that
inv cessation of mining activity would aggravate the oroblem, since
it least in active mines water 1s pumped regularly and thus exposure
ime is mjnimized.

Some people have advocated that sufficient coal be permitted to
‘emain in place to prevent caving. Aside from the economic loss of
e coal left behind, other factors must be considered. 1In many coal
lields the systématic pulling of pillars and controlled caving is the
Inly way that eXcessive rock pressures are relieved and the excavation
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can be maintained. Another risk to leaving pillars behind is that
spontaneous combustion can lead to a mine fire. With mines going

to greater depth because of depletion of shallower deposits, longwall
mining will increase. This system more than any other requires

" controlled caving, thus the problem could become aggravated.

The Coal Research Board of the Commonwealth of Pennsylvania is
supporting research projects encompassing a wide variety of studies
including: destruction of acid-forming bacteria by phages; economic
removal of iron; more efficient neutralization of acid water on a
commercial scale; purification of acid water by a distillation process;
and the subsurface disposal of acid mine water. This paper is con-
cerned with the last project listed. While better abatement measures
will minimize some of the pollution, without doubt there always will
be some water that must either be treated or disposed of in a pre-
scribed manner. While the authors make no claim that deep well
disposal is a panacea for mine acid problems, nevertheless it deserves
close scrutiny as one solution to this problem.

Present Applications of Subsurface Disposal

Subsurface disposal involves removing unwanted materials from
their original environment and placing them in isolated subterranean
- zones. Permanent removal of undesired liquid water generally is
accomplished by using injection wells to transport the material to
the disposal zone.

The petroleum industry first employed subsurface disposal in %he
early part of the twentieth century to dispose of oil field brines 1).
During the past ten years, other industries have adopted this method
to dispose of manufactured wastes. Injection wells are presently
being used in the drug, chemical, steel, and paper manufacturing
industries(2). Radioactive material from nuclear plants also is
being injected into disposal wells.

Injection wells are drilled from the surface to the geoclogic
- formation selected as the disposal zone. Disposal wells are drilled
and completed in the same manner as gas and petroleum wells, and
waste travels down the well through a non-corrosive injection tube.
Surface facilities associated with injection wells consist of a waste
gathering and storage system, filtering equipment, and one Or more
pumps. Multi-barreled displacement pumps usually are used with
injection wells.

The rate at which a disposal well can accept fluid depends upon
the fluid properties, rock properties, the size of the well and the
pressure gradient in the system. Pumps provide the pressure necessary
to push the waste into the disposal zone. The necessary injection
pressure may be calculated from the following relationship:

Pi = Pf - PS + Pl (4)
Injectlion pressure from pump
- Well bottom formation pressure
Pressure of fluid column in well
Friction loss in injection tube

where

P
P
P
P

=]y

(1yieferences at end of paper.
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Formation pressure (Pr) cannot be measured until the well has
reached the disposal zone and, even then, an accurate measurement is
not always possible. An estimate of. the formation pressure can be
made by multiplying the well depth by the geologic pressure gradient.
The generally accepted pressure gradient is one pound per square inch
pressure per foot of depth. The fluid column pressure (Pg) can be
calculated/ from the well depth and the fluid density. Friction loss
(P1) can be calculated from well depth, injection tube material and
size, and the flow rate.- Flow rate into the disposal formation is-
usually not diregtly proportional to. .injection pressure. At higher

pressures, Iincremental preéessure increases result in a proportionately
greater flow rate. L T

If it becomes desirable to increase flow rate for a given pressure,
the formation propertiés may be altered. Several methods of well
stimulation are pra t%ced'in the petroleum industry to achieve a
more efficient we11?3 . These practices are hydraulic fracturing,
nitro-shooting, well perforating, and acidizing. Hydraulic fracturing
is the most popular of these methods. .

Despite increased application, disposal wells still are not too
Jumerous. Only six waste injection wells exist in Pennsylvania.
This scarcity results from the large financial investment that must
te made before the success of the installation can be ascertained.
The drilling, casing, and.testing of a 2000 feet deep disposal well
costs approximately $70,000. Although an analysis of an inJjection
well's performance cannot be predicted before field trials, some
conditions are more favorable to subsurface disposal than others.

Pertinent Geologic Factors

The main factor to be considered when contemplating the
cstablishment of a disposal well is the presence of the proper
geologic formations. The disposal formation must have a large enough
%torage capacity to contain the total volume of fluid that will be
injected during the life of the well. This capacity depends upon the
area and thickness of the formation and upon the effective porosity
5f the formation. A disposal formation should also be surrounded by
relatively impermeable rocks to prevent migration of the waste away
from the disposal zone. The disposal zone, however, should be very
sermeable to allow rapid flow of the waste away from the well with
2 minimum expenditure of pumping energy. Finally, a potential disposal
zone should not contain usable ground water or any economic fuel or
nineral deposit that could be contaminated by the waste.

The bituminous coal fields of central and western Pennsylvania
ie in a region of stratified sedimentary formatlions. Rock types are
ggndstOnes, limestones, shales, siltstones and .claystones, and all vary
n areal extent and thickness. Shales, siltstones, and claystones
.re very impermeable rocks of low porosity and generally are ruled out.
‘he two remalning rocx types, 1f occurring in large enough bodies,
an be considered potential disposal reservoirs. .

Many sandstone beds are guite thick, underlie large areas, and
ften have high values of porosity and permeability. Fluid flow
‘hrough a sandstone brings the liquid into intimate contact with
pe roc«, causing a maximum amount of contact between the waste.and
he formation. Sandstones are largely silica, a comparatively don-
eactive element. ' "

! ’ ' : | I
! :
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Limestones generally exhibit lower permeability and porosity .
than sandstones and are often partially dissolved by ground water,
forming a series of subterranean channels. Fluid flow in these
channels is similar to flow in an irregular system of pipes.
Although formation to fluld contact is minimal, the extent. of the
fluid migration is difficult to determine. Limestone 1s calcium
carbonate, a more reactive compound than silicon dioxide.

General geologic structural information is available for many
of the larger rock units in central and western Pennsylvania. Detailed
lithologic information 1is very limited, however, and any area being:
considered for an inJection well site should be thoroughly evaluated,
even to the extent of a core drilling program. Many well driller's
logs are avallable for the above area, but experience has shown that
these often do not contain reliable lithologic information.

Waste Properties Vital to Subsurface Disposal

- The eXxperience of companies using injection wells has shown that
wastes which are to be injJected into porous beds ideally should have
the following properties: i o

. A pH less than the formation water , . /
No suspended solids

Low viscosity

Low metal content

High specific gravity

No self-polymerizing materials

. No dissolved gases

8. No bacteria

—~ W WO -

The waste should also be chemically stable and compatible with the
~formation rock and fiuids. The main concern in inJecting wastes into
a porous formation 1is the possibility of plugging the disposal 2zone
with suspended particles carried in the waste or with precipitates
resulting from chemical reactions occurring in the disposal zone.

Recovery of a plugged well 1s expensive and time consuming.

N

Acid mine water, while having a low pH and viscosity and
containing no self-polymerizing materials, does not meet the other .
criteria. Of particular concern are the presence of suspended solids,
bacteria, dissolved gases, and concentrations of iron. Acid mine
water 1s not chemically stable and its compatibility with the formation
will not be known until samples of the rock and connate water are
available. It is felt that these problems, although difficult, are
not insurmountable and each can be solved.

Specific Acid Mine Water Disposal Problems

Autotrophic bacteria are present in acid mine water. Research
indicates that these bacteria collect on irgn particles and form
colonles as large as 50 microns in diameter ). Particles of this
~size could easily plug a sandstone face. 1In other dispcsal wells
bacterial plugging has been eliminated by adding a bacteriaclide to
the waste belore injection. Addition ol an effective bacterlaclde
to acid mine water would kill the bacteria and prevent colonization.
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Dissolved gases are detrimental because they promote corrosion
and provide material for unwanted chemical reactions. Oxygen and
hydrogen sulfide which can occur in mine water are particularly
undesirable, as both can react with metallic ions to produce
precipitates. Large volumes of dissolved gases can lower pump
efficiencies. The amount of dissolved gas present in acid mine water
can be kept minimal by assuring that the water is collected and stored.
prior to injection with the least possible exposure to air.

Removal of suspended particles in the waste is also an important
consideration, particularly if the disposal formation is a sandstone.
Pre-injection filtering should remove: particles down to one micron.
Coated pressure leaf filters are normally used in this application.
If surface filtering facilities are not provided, the disposal
formatiqn may act as a filter and become progressively less permeable
as it becomes plugged by the suspended particles.

Chemical reactions between acid mine water and the formation
water may be prevented by -injecting a non-reactive buffer zoné be-
tween these two liquids. The material selected for the buffer zone,
which will physically separate the formation water and the mine water,
should be low in cost and chemically inert with respect to the mine
‘water, the formation water, and the rock. After waste injection has
commenced, liquid diffusion and dispersion will occur in the formation.
~This act1v1t" will eventually cause the formation water and the waste
to contact each other. If a sufficient buffer zone has been injected,
this mixing will not occur until near the end of the life of the well.
. When contact is established, the waste and the formation water will
be diluted by the buffer liquid.

The chemical instability of acid mine water may cause intra-
formational precipitation. Hopefully, this possibility is reduced by
the lack of oxygen in the disposal zone. Possible oxidation of ferrous
iron to ferric, and subsequent precipitation of ferric hydroxide is. of

?particular concern as this is a gelatinous material. The oxidation
state of iron is a function of .pH, therefore, this reaction may be
eliminated by lowering the pH of the mine water prior to injection
to deep the iron in the ferrous state. Other anti-precipitation
agents used in disposal wells are citrates and sodium tripolyphosphate

. Conclusions

It is accepted that many variable factors are involved -in the
installation of a subsurface disposal well. Theoretical solutions
"are available for many of the foreseeable problems, but several un-
‘expected developments may occur., While past experience with other
disposal wells may be used as a guide to developing a new well, it
can not be expected to provide answers for all problems that may
arise. Each disposal well will have to be approached as an individual
qengineering problem.
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DESIGN AND ECONGMICS OF AN ACID MINE
DRAINAGE TREATMENT PLANT -
"OPERATION YELLOWBOY"

Lucien-Gira‘ , III and Robert A. Kaplan

! . Dorr-Oliver Incofporated,‘Stgmford, Connecticut
!
INTRODUCTION

With the passing of the Pennsylvania Clean Streams Law a technically sound and
lconomically feasible process for the treatment of acid mine drainage (AMD) is desired.
%ater standards, set down by the Pennsylvania Sanitary Water Board, prohibit the dis-
tharge of mine water that has an iron concentration in excess of seven parts per mil-
lion. The pH of the mine water discharge must be within a range of 6.0 to 9.0. These
tandards will require at least 80 percent of the mine discharges within the Common-
pealth to resort to an acid mine drainage treatment process.

In an effort to alleviate the problem of acid mine drainage, the general assembly
the Commonwealth of Pennsylvania legislated Act 43A in June, 1964. This act allo-
aved $100,000 for the payment of cost and expenses incurred in developing, construct-
23, staffing and operating a mobile pilot plant for the treatment of this vexing
;Pllutant. This appropriation was allocated to the Coal Research Board of the Common-
jealth's Department of Mines and Mineral Industries, who awarded Dorr-Oliver, in Octo-
r, 1964, a research grant to design, fabricate and operate a mobile demonstration
lant for the treatment of acid mine water. The objectives of the Dorr-Oliver program
re to perform unit operations in a mobile pilot plant at various mine sites throughout
e Commonwealth and obtain design and economic data that can be used to evaluate the
rocess under examination.

‘ A four phase research and development program was planned to carry out the objec-
ves of the project.

‘ Phase 1 - Feasibility Study and Site Selection.
Phase 11 - Pilot Plant Design and Fabrication.

K Phase . II1 - Operation.

Phase IV - Process Evaluation.

. The program is currently in Phase III - Operation and to date six mine sites have
en tested. :

TMENT PROCESS

. ' The process chosen for the treatment of the acid mine drainage is the lime-neu-
alization-aeration-dewatering process. Basically this is a four step process and
volves the following steps:

ep 1. Neutralization
This entails the conversion of

a) sulfuric acid to calcium sulfate
Ca(OH) 2 + H3804 —> CaSQ, + 2170
b) ferrous sulfate to ferrous hydroxide and calcium sulfate
Ca(ou)2 + FeSO; —— Fe(OH) 3 + CaSO,
green ppt. ,
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Step 2. Aeration (oxidation)

The oxidation of ferrous hydroxide to ferric hydroxide
Gp + 4Fe(0H)z + 2H20 — 4Fe(0H)3

Step 3. Clarification - Thickening
Step 4. Dewatering

The flow sheet of the process is presented in Figure 1. Acid mine drajinage
is brought into the pilot plant by the means of a self-priming centrifygal
pump and is pumped through a flow meter into a flash mixer where hydrated lime
is added from a screw feeder tc neutralize the mine water. By means of gravi-
ty the neutralized mine water and suspended solids, consisting primarily of
ferrous hydroxide and gypsum, flow into an aerator. Air is brought into con-
tact with the ferrous hydroxide converting it to ferric hydroxide by the means'
cof a turbine mixer and an air blower. After aeration the slurry, comsisting
of neutralized mine water and suspended solids, flows by gravity into a thick-
ener. Chemical flocculating agents can be added to this slurry to increase
the settling rate of the suspended solids and improve the effluent clarity if
desired. The suspended solids in the neutralized mine water slurry settles
tc the bottom cf -the thickener while the clear effluent overflows the thick-
ener and is considered treated mine water., The thickened slurry is then
pumped to a solid bowl centrifuge for additional dewatering. The centrate,

. depending on its quality, may be considered treated mine water or, if required
it may be returned to the thickener for additional processing. The cake is |
considered process waste.

PILOT PLANT

) Information derived from Phases I and II led to the hydraulic design of a 50 gal-
lon per minute pilot plant. The pillot plant was erected in a 40 foot long van type A
trailer that complied with the regulations for use on Pennsylvania roads without spe-
cial permits. The mobile pilot plant was easily hauled from one site to the next. A
Figure 2 is a curb side view of the trailer while Figure 3 is a close-up of the pilot[
plant. The flow of mine water through the plant is from left to right. Pilot units -
shown in Figure 3 are the aerator, flocculent mixing tank, thickener, solid bowl cen-
trifuge, and the pilot plant's power source - a 25 kw diesel generator. ‘

A laboratory bench located in the forward section provides a work area for per- )
forming routine chemical analysis, settling tests, and leaf filtration tests. /

TEST SITE

The first test site chosen for field operations by the Coal Research Board and
that which forms the basis of the material reported in this paper is The Bethlehem
Mintes Corporation, Marianna Coal Mine No. 58, located at Marianna in Washington County
This is an operating shaft mine in which 7000 tons per day of Pittsburgh coal is minec
The coal is processed in a cleaning plant where 5000 TPD of clean coal is produced
along with 2000 TPD of refuse. Mine water is collected in sumps within the mine and |
pumped toc the surface four times a day at periods up to one hour per pumping. Reach
ing the surface the water flows by gravity through a conduit into Ten Mile Creek.

The acid mine water processed in the pilot plant was obtained from the Marianna
Mine No. 58 bore hole prior to its flowing into Ten Mile Creek. Because of the inter
mittent pumping schedule a 24 ft, diameter by 4 ft. in height storage pool was filled|
with mine water each day from the morning pumping to serve as a supply for the dura-
tion of the pilot run. The influent was obtained by placing a hose into the storage
pool and pumping with a self-priming pump into the flash mixer. The raw acid mine
" water was metered either by a flowmeter on the discharge side of the feed pump Or by
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' FIGURE 2
Curbside View of Trailer
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" FIGURE 3 . .
Close-up of Pilot Plant G

!
!

. FIGURE 4
Trailer Set-up at Marianna
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checking the volume per unit time of thickener overflow which accumulated in a 50 gal.
head tank attached to the side of the thickener. After processing, the treated mine
water was returned to a man hole where it was discharged into Ten Mile Creek. The
resulting yellowbow sludge was accumulated in 20 gal. pails. Figure 4 1s a photograph
showing the set-up at this site.

PILOT PLANT OPERATION

The pilot plant operated at the Marianna Mine No. 58 during May and June of 1965.
The first month's operation served as a shakedown period for the pilot plant and its
operating crew. This period showed the inconsistency of the mine water chemical analy-
sis in that the iron content and the acidity would fluctuate with each pumping cycle.
The reason for this fluctuation, was that the mine water is first collected in sub-
sumps and is then pumped to a main sump where it is pumped up the bore hole and per--
mitted to flow to Ten Mile Creek. Acid forming conditions (pyrite, air, and water)
varied within different areas of the mine resulting in different strengths of mine
vwater. By using the storage pool, before feeding the acid mine drainage to the pilot
plant, the fluctuations were kept to a minimum.

A Mason "N" hydrated lime was used for the neutralization of the mine water. The
)llme demand of the process proved to be just about Stoichiometric.

After it was felt that the "bugs" had been eliminated from the pilot plant units,
,a four day continuous test was conducted. This run was well monitored with sampling
and laboratory analysis being run every three hours. During this period a close obser-
vation was kept on the various unit operations of the pilot plant and necessary design
data was recorded.

A composite of the raw and treated acid mine water chemical analyses collected
during this continuous test is reported in Table 1. The data demonstrates that the
‘raw acid mine drainage was up-graded from a pH of 2.64 to a pH of 7.6. The total iron
in the water which was 815 ppm was reduced to 5.8 ppm. Manganese, silica, and alu-
Finn were also reduced with the increase in pH. Silica and alumina had a beneficial
leffect on sedimentation in that they form large flocs upon reaching their solubility
limit and aid the coagulation of the iron hydroxide.

'DESIGN DATA

The scaled-up data used for the engineering design was generated during the shake-
*down period of the operation and confirmed during the continuous test run. Individual
unit operations were investigated and the findings are as follows:

A. Flash Mixing

This investigation entailed feeding acid mine water to the flash mixer at different

rates. Hydrated lime was mixed with the mine water and pH readings were taken of
b the neutralized mine water as it flowed on its way to the aerator. Detention times
between one and seven minutes were investigated at a constant propeller speed of
350 rpm. During this investigation it was found that the detention time was always
sufficient to ensure neutralization (pH»7). It should be noted that this test was
made in “‘X and June and the ambient temperatures at Marianna were in the neighbor-
] thood of 80°F. during the day. At colder temperatures longer detention times may

be required.

(B. Aeration

The pilot plant serator produced 2 SCPM of air which is the equivalent of 16.9 g.
of oxygen per minute. This air supply, assuming 100 percent efficiency, would
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oxidize 121 grams per minute of ferrous ion to ferric ion. At this aeration rate
satisfactory oxidation always was achieved. '

An intensified aeration study was not conducted at Marianna because it was difficult
to maintain a uniform supply of ferrous ion to the aerator due to hydrolysis in the
storage pool. It was also difficult to supply hydrated lime to obtain neutraljiza-
tion at high through-puts of mine water. .

Aeration equipment was designed from basic process data without the need of field
testing. The information required was:

1) Volume of water per minute

2) @xygen uptake

3) Depth of aerator

4) Desired dissolved oxygen level

All this information was collected during the test runms.
Flocculation Tests

A bench study was conducted to determine flocculating agents that will improve the
clarity and settling rates of the aerator overflow during sedimentation. Evaluation
was made by comparing the physical behavior of the suspended solids in a freshly
obtained sample of aerator overflow before and after the addition of a flocculent.

Reported in Table 2 are some of the favorable flocculents tested and their required
dosages to produce a clear effluent. Nalcolyte 670 appeared to be the most promi-
nent flocculent tested from the results of the bench scale tests. However, when
Nalcolyte 670 was employed in actual pilot plant operation it did not perform ade-
quately and Nalcolyte 672 was substituted and produced excellent results. '
When a flocculent was used on the continuous test run the product water contained
less than 1.5 ppm of iron as opposed to an average of 6 ppm in the non-flocculated
product water,

It was also discovered during the bench test that some flocculents are apparently
more pH sensitive than others which implies that pH control of plant operation must |
be held to precise control ranges 1f effective flocculation is to be maintained.

It should also be noted that while flocculents increase settling rates they do not
necessarily increase the solid concentrations of the thickener underflow. Centri-
" fuge and bench filtration tests demonstrated that within a few hours after the floc
had formed and settled it apparently went stale. The original floc formation, when
disturbed by pumping, will break up and not reform again to its original well floc-
culated structure. Because of this effect no real additional benefits can be

gained from flocculation in further dewatering steps.

1

Thickening Tests

Bench scale settling tests were performed and the results were checked in the pilot
plant thickener during the shakedown period and continuous run. Summarized in l
Table 3 are the important design criteria that were determined from these tests.

Operation of the pilot thickener was designed so that the feed rate to thé thick-
ener would not exceed the unit area of 89 sq. ft\.per ton per day. When this Tate
was followed no difficulty was encountered in maintaining overflow clarity substan-
tiating the bench settling tests. i
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Centrifuge Tests

Centrifuge tests were conducted using the Merco Z-1-L solid bowl which is an inte-
gral unit of the pilot plant. Feed slurry was pumped to the centrifuge from the
settled thickener underflow by way of a positive displacement pump. Difficulty
was experienced in obtaining and maintaining a clear centrate in the early stages
of operation. The slurry is definitely plastic in nature. The unit was operated
at solid bowl speeds ranging from 4,620 rpm up to 5,600 rpm with a scroll differ-
ential between 23 and 38 rpm's and contained a ring dam with a diameter of 6.5
inches. A ring dam influences the capture and the dryness of the products from
the centrifuge., A small inside diameter ring dam causes the depth of the liquid
in the bowl to increase, thus improving the capture and increasing the cake mois-
ture. A large inside diameter ring decreases the depth of liquid in the bowl thus
reducing the capture and decreasing cake moisture. When it became apparent that
the larger ring dam was not producing the desired results a 5.9 inch ring dam was
inserted. For the first few days of operation with the small ring dam and a lower
bowl speed no effect on the centrate clarity was noticed., At this time a floccu-
lating agent was added to the thickener underflow while it was being fed to the
Z-1-L. This immediately cleared the centrate and for a period of time the unit
was operated with flocculent until it was discovered that a flocculating agent did
not have to be added continuously. A clear centrate was also attained by "slugging"
the centrifuge with a flocculating agent whenever the centrate became cloudy. After
'a good iron hydroxide and gypsum beach had been built up within the unit it was no
longer necessary to use flocculents to achleve good consistent clarity.

Although the centrifuge cake consistently averaged 30 percent solids or greater and
the suspended solids recovery was approximately 100 percent the desired feed rate to
the unit could not be achieved. Power costs also proved to be high. For this rea-
son filters were chosen in place of centrifuges in the final design of the plant.

Filtration Tests

Laboratory filtration tests were conducted on samples of the thickener underflow us-

»ing a 0.1 sq. ft. test filter leaf at cycles and conditions simulating those of

drum and disc filters. For all the tests performed a filtercloth of Nylon 1016
material was used. This is a relatively tight cloth and the use of this cloth has
proven superior to other cloths in an earlier laboratory testing program (Phase 1
of the Yellowboy Project. The results demonstrated that only a small benefit can
be derived from the filtration of a thickener underflow that had been flocculated.

In all cases tested a quick drum cycle appears to provide the best filtration re-
‘sults. Although the cake thickness is only 1/16 of an inch the tests demonstrated
that a good roll discharge can be attained.

Presented in Table 4 are the important design data derived from the filter tests
and used as the basis for filter scale-up.

.NT DESIGN

Design data generated during the pilot plant operation at Marianna has been used
a basis for the scale-up to a full-size acid mine drainage treatment plant. This
1t has been designed to treat a flow of 240,000 gallons per day of mine water.

Presented in Figure 5 is a schematic diagram of the flowsheet recommended for
ating all the acid mine water from the Marianna Mine No. 58 bore hole. Basically

. flowsheet 1is the same as that tested in the pilot plant with a few minor modifica-

ns to make it adaptable to this location. The raw mine water is pumped to a holding
oon, which is already in existence, prior to entering the treatment plant. The.

pose for this 1s as follows:
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ACID MINE WATER
TREATMENT PLANT CAPITAL EXPENDITURES

Water Storage and Transportation Facilities
Control-Filter Building

Aeration

Thickener

ludge Holding
Piping and Site Preparation

Total Capital

FIGURE 7
ANNUAL COSTS

Amortization (20 yrs @ 4.0%)
Labor

Power

Chemicals (Lime)
Maintenance

Total Annual Costs

$ 22,800
223,000
6,000
45,000
9,500
40,900

—

$347,200

$25,550
36,500
4,700
22,000

6,500

$95,250
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1. A uniform flow will be maintained when pumping from the:mine is intermittent.

2. It is anticipated that scaling will be a problem and shut-downs of the plant
will be necessary from time to time. In order not to interfere with the pump- .
“ing from the mine the lagoon will supply ample storage capacity.

3. Hydrolysis will take place resulting in less demand of aeration equipment dur-
ing the treatment preocess. : )

The mine water in the holding lagoon flows by gravity to the treatment plant where
_ is neutralized by the addition of milk of lime in a flash mixer and then aerated.
1e slurry then flows to a thickener where the solids settle and the effluent, process
‘oduct, flows to Ten Mile Creek. The settled solids are then filtered, with the fil-
-ate being blended with the raw mine water or depending on quality, can also be re-
irned to Ten Mile Creek. The filter cake (25% solids) is trucked to a nearby site.
ie holding lagoon is cleaned periodically by slurrying the settled solids and processing
i the treatment plant. .

0ST EVALUATION

\ Different plans of operating the acid mine drainage treatment plant have been
tudied and the economics are in favor of continuous treatment of the mine water through
he thickening-clarification step. The filters are operated only one shift per day for
even days a week. :

The scale-up of the pilot plant data to treat a flow of 240,000 gallons per day
167 gpm) would require a capital expenditure of $347,200. This cost is exclusive of
dditional treatment of sludge. Annual costs are $95,250. A breakdown of these costs

s shown in Figures 6 and 7.

Based on treating 240,000 gallons per day and msrketing 5000 tons of clean coal per
.ay (actually 7000 tons per day of coal is mined; after coal preparation 2000 tons re-
orts to refuse while 5000 tons is marketed) the annual unit costs are $0.052 per ton of
ean coal marketed or $1.09 per 1000 gallons of acid mine water. These costs exclude
-xpenditures for additional sludge treatment.

ONCLUSION

1t is in the scope of this report to present the technical feasibility and eco-
fomic soundness of treating acid mine water at the Bethlehem Mines Corporation, Mari-
.nna Mine No. 58 by the lime- -neutralization process. This investigation has produced

he following conclusions:

1. Mine water can be treated to produce a product containing less than 6 ppm of
P iron and a neutral pH without flocculents. '

b 2. With flocculents a product containing less than 2 ppm of iron can be produced
o at a neutral pH at increased costs. .

. 3, Based on data derived from the pilot plant operation, 1000 gals. of acid mine
b drainage can be treated for $1.09. These costs do no include expenditures for

' additional sludge processing.
! 4, Scale formation will be an operating problem.

’ 5. Hanganese, alumina, and silica are also removed by lime neutralization result-
h ing in a decrease in total hardness.

~
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TABLE 1
COMPOSITE
CHEMICAL ANALYSES
of
- RAW_AND TREATED AMD
Raw AMD . Treated AMD
pH ' 2.64 7.6
Total Iron, ppm 815.0 5.8
Total Acidity, ppm as H2804 4040.0 -
Total Alkalinity, ppm as HCO3 - 46.0

TABLE 2

FLOCCULENTS PRODUCING A CLEAR EFFLUENT

Flocculent Dosage (#/Ton of Dry Solids)

Separan NP 10 0.6
Superfloc #84 1.0
Superfloc #16 0.5
Nalcolyte #670 0.4
Nalcolyte #672 0.6

TABLE 3

THICKENER DESIGN DATA

Unit Area, ft2/T/day 89.0
Time in Compression, hrs 11.4
Capacity, f#'s of Solid/ft2/hr 0.93
Storage, #'s of Pulp/ft2 192.1
Final Dilution, % Solids 6.7

TABLE &4

FILTER DESIGN DATA

s Loading, 1bs of Drg Solids/ft2/hr
ulic Loading, gal/ft¢/hr
% Solids of Filter Cake

N s
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Some Interactions Betwegen Coal and Water Which
Change Water Quality

% .
Robert D. Reese and Harold L. Lovell

The Pennsylvania 3tate University
Department of Mineral Preparation
University Park, Pa.

The investigation (1), of which this discussion is a part, was primarly con-
erned with the use of coal as a reactant in a potential process to remove soluble
ollutants from coal mine drainage. When water and coal come in contact, changes occur
n each substance wihich may have considerable significance. The data developed are
onceived to nrave influence in such coal preparalion processes as froti flctation,
locculation and agglomeration as applied to sclid-fluid separations, and in the con-
rol of water quality in the preparation plant as well as for subsequent discharge.
he changes which occur in the coal itself may have scme effect upon its utilization
n specific instances or upoa its handling in ccld weather.

It does not seem to be unrealistic to seek an improvement in water quality
‘rom sucit a phenomena despite the occurrence of pyrites in coal strata and tae role
syrites play in tae origin of pollutants in zoal mine drainage. Anturacite coal is
uccessfully used as a [ilter media and may nhave characteristics of molecular sieves(2:
»ulfonated bituminous ccals have ion excuange properties(3). Some coals will react
vith -sulfuric acid under mild conditions(4). Coagulants have beeus prepared trom coal
{») and coal asn'(6), which are claimed to be eifective in creating flocculation in
jater treatment processes. Researcir is curreatly in progress considering the use of
cal tor an absorbeat-type of respouse to remove organic contaminants from sewage
2ifluents(7,8,2). Scme improvement in water quality is indicated where mine water
as been used as makeup water in coal preparation plants(i0).

Preliminary studies established that coals will react with coal mine drain-
ige to increase pil, decrease acidity, and remove iron. The extent of the phenomena
vas found to vary widely, although some response was measured in eaci of a number of
lirferent coals or varying rank and origin wiici were examined. The data presented
dn this discussion result from an attempi to explain the nature of this observed res-
souse as a base to opliniize the effect.

The studies described were carried out on a ruu~of-mine sample of a Pitts~
surgh seam, nigh volatile Lituminous cecal criginating in Southwestern Pennsylvania.
iz particle size of the coal employed was varied, altnough most of the studies were
ade with tae minus 200 mesn iraction since it was found to be the most reactive.
i,imited data were measured using various speciriic gravity ifractions of lue coal.

I'ne waters considered were: iJresuiy-boiied, aisciiled water; a municipal tap water;
.o1yD wosulruric acid; two synthetic cocal mine drainage soitutions coataiuing sui-
‘uric acid - one wita cerrous 1Irc., vue Gouery wic.. serric irouay and naturally-occur-
“Lag, coal miae drail.agge 1. walcii all tue iron present was 1ih tiae iferric Jorm.
! Tue basic experimental data were vau;Leu by agitating lU grams of the
*Oal fraction in LLU ml el a slien water Jor ic minutes at room temperature. Tie
iLrry was filteresa. Tue original water and tne rfiltrate were anaityzed Jor pH, dis-
jolved solids, acidity-aixalinity, calcium, suiiate and in some cases {errous and
‘erric iren. Tue residue from the dissolved so.ids determinacions as well as the
15 0f tile original aud reacted coals, were analyzed for silica, alumiaa, iron,
1001um, and potassium by spectrochemical procevures. The main variables conSLdereu
uclL reaction time and coal conceuntratioa.

The eiilucue {rom distilled water nad ueveloped & pi in excess of & (Table
L) and acquired substaatial concentrations of dissolved solids including calcium,
sceium and sulfate. Although there is noi a ,veat difierence in the level of soiublie
naterial between tie 130 by 200 mesh fraLLlon and the minus 260 mesh fraction, & much
iower solubility existed in the larger size iractions. This is undoubtediy related

I . . B
L present address: hemnicott Copper Compaay, jalt Lake City, Utan.
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to the more highly liberated mineral particles in-the smaller sizes although they did
have a higher ash content. The presence of soluble ions in the tap water resulted in
a solution which was lower in pi, dissolved solids (including calcium and sulfate con-
centrations), bul nigher in alkalinity. A more detailed analyses of the dissolyed
solids for the minus 200 mesh fractions is described in Table 2 along with the analyses
of the ash of the original coal and that of the residual coal ash.

These data show that various soluble minerals are leached from ‘the coal, pre-
sumably from the dissolution of calcium sulfate or gypsum. This calcium sulfate Jeach-
ed from the coal represented 58 percent of the total solubles with distiiled water.
These concentrations ‘indicate the leached liquor to be essentially saturated with re-
spect to calcium sulfate. There is some sulfate ions in excess of that stoichiometri-
cally related to the calcium sulfate present. Since sodium is the only other ion solu-
bilized to any significant extent, at least part of the sodium is assumed to have been
associated with the excess sulfate ion. There is, however, insufficient sulfate to re-
late to the total calcium and sodium ions present. The observed pH suggests these
cations are preSent primarily as salts rather than associated with free hydroxyl ions.
There is no significant amount of iron solubilized from the coal. The amount of potas-
sium solubilized is small in réspect to the sodium, despite the occurrence in nearly
equal amounts in the original coal.

The calcium and sulfate found in solution from the distilled water-minus 200
mesh coal test achieved an overall concentration of 102 parts per million calcium sul-
fate from each gram of coal. The calcium solubilized corresponds to 29.8 percent of
.that available in the original coal fraction. The relative amount of sodium from the
coal which was solubilized is even higher - 70 percent, It seems probable that most /
of the remaining calcium in the coal is present as calcium carbonate. The 0.87 per-
cent carbon dioxide present in the original minus 200 mesh coal fraction would corres-
pond to 0.1960 grams of calcium carbonate in the 10 grams coal system studied. The
calcium found in the original coal sample but not solubilized, would correspond to
- 0.1955 grams of calcium carbonate showing a reasonably acceptable balance. The solu-
bilization of calcium and sodium is in agreement with ash analyses of the original and
residual coal. .

With the 0.0193 N sulfuric acid reaction, rather drastic changes resulted
in the water quality as detailed in Table l. Definite reactions had occurred beyond
the leaching of the soluble salts as observed with distilled and with tap water.
llere also the level of reactivity was less for the larger sizes although the 1/4-inch
by 48 mesh size coal fraction. achieved a dissolved solids level of 910 mg/l, almost
500 percent of that observed to be soluble in distilled water. The most significant f
change in the water quality for the purposes under consideration was the change in
pH, going from 2.72 to a value of 6.15. The acidity level of the solution dropped
from 705 for the original sulfuric acid to 14 ppm CaCO, after the coal reaction.

In comparing the acid reaction with coal solibilities found in distilled

water, the dissolved solids increased by 457 mz/l or by 25 percent. The soluble
sulfate concentration increased 548 mg/l or nearly 75 percent over the sulfuric acid; -
iiowaever, the sulfate concentration was actually .less by 252 ppm than that solubilized
by the distilled water plus that contained in the sulfuric acid. The acidity decreas-
"ed by 691 ppm CaCO., or 9&.1 percent of that present. If one considers the 43 ppm
alkalinity developad in the distilled water test to be related primarily with the
solubilized sodium ion, thus in the coal-sulfuric acid reaction 648 ppm CaCO, acidity
or 94 percent must be related to reaction with calcite or with the coal substance.
The calcium found in the effluent increased by 425 ppm (as Ca0) or 756 ppm (as CaC03n
over that solubilized with distilled water. There appears to be distinct evidence ™|
that a major change in an acid water quality is related to calcium carbonate minerals
in the raw coal and that little if any association can be related to the organic coal
nhases. ’

In tests with the synthetic solutions containing iron as well as sulfgric
acid, major changes were also observed including an increase in pH, a decrease 1n‘ v
acidity, a slight decrease in total dissolved solids, and an increase in the calcium
sulfate concentrations in the solutions. In the experiment which dealt predominantly
‘with ferrous ion, only a very small percentage of the iron was oxidized or removed.

|
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: TABLZ '1
ANALYSZS CF THZ EFFLUENTS FROM RIACTICN CF PITTSBURGH SZAM CCAL
) . Iron
Coal Size Dissolved Alkal- - - : =

pi  Change Solids inity S°a= cao Fe™ Fe' Total

‘assed  Retained. Initial Final mg/l_ ppm CacO _ppm  ppm  ppm  ppm ppm-
. Boiled Distilled Wager
A 48 mesh 7.3 8.50 142, 71.0 41, 15. - - -
150 m 200 m 7.3 8.05 © 1562, 84.0 ' 583. 350. - - -
200 m - 7.3 8.10 1818. 42.6 800. 425, - - -
Tap Water - With Minus 200 Mesh Coal
“riginal Solution 8.21 - 170 . 195, 119, 90. - - -
'roduct. Ef fluent 8.21 7.68 1650. 107. 462, 320, - - -
0.0193 N SULFURIC ACID - WITH MINUS 200 MESH CCAL
‘riginal 3olution 2,72 @ - - 705.% - 735. 3. - - -
reduct Zffluent 2,72 6.15 3010 14, * 1283. 850. - - -
Ferrous Synthetic Solution - *lith Minus 200 Mesh Coal
riginal 3olution 2,92 - 3260. 1690, = 1765. 5. 446, 0.. 446,
?roduct Zffluent  2.92 5.05 4170, £20.% 1890. 473. 403, - 3, 4O06.
o Ferric Synthetic Solution - Jith Minus 200 Mesh Coal
“riginal Solution 2,91 - 3260, 169C.* 1765. 5. 0. 446, 446,
‘roduct :iffluent 2.91 5.65 3500. 673 .* 20¢&2. 1060. 14, 2. 16.
“Acidity
TARLI 2
SNALY3ES CF SCLID P2CGOUCTS FRCM RIACTICH CF MINUS 200 MESH PITTSBURGH S:AM COAL

) Sample Jeight 5% Siez Al703 MeC ca0 Fe703 ' NaZQ K20

% Ash % " L % A Y % %
iriginal Coal Asi* 23.24 3.88 42, 17.1 1.2 6.5 18.0 2,15 1.73
.esidual Coal Ash '
"rom dist. water 21.52 3.5¢ 42, 1¢.1 1.16 5.2 17.6 0.71 1.6l
.esidual Coal Ash :
“rom tap water 22,04 3.76 42, 17.6 1.00 5.1 17.3 0.82 1,68
yissolved solids '
.n_dist. water - - 1.2 .6 0.90 26.2 0.4 21.0 0.36
Coal Ash from
‘errous Soln, Test. 21.98 3. 44, 1C.6 1.1C 3.7 19,3 0.82 1,68
"cal Ash from .
erric Soln. 21.81 - 3.78 45, 1.05 2.8 20,8 1.68

Test

0.63

- (riginal Ceal contains 0.87% .CO
A\Coal analysis, not on ash

A
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However, in the synthetic solution which was all ferric iron, nearly all of the iron
was removed. Most of the residual iron in the ferric effluent was present as ferrous
ion. It is not obvicus winether this small ferrous concentration detected resulted
from a solubilization of a ferrous mineral in the coal or a reduction of some ferric
iron in solution. Thus, if the iron is to be removed, it must be oxidized to the
ferric state prior to or during the coal reaction. It should be noted that the air
oxidation of ferrous to ferric iron proceeds rapidly under pH conditions which will
allow the precipitation of ferric hydroxide. Thus it is assumed that the almost com-
plete removal of iron from the test solution resulted from the precipitation of ferric
hydroxide which remained with the coal upon solid-fluid separation. This is confirmed
by the increase in iron ccntent -in the residual coal ash, '

The results of studies made utilizing a naturally-occurring coal mine drain-
age sample are shown in Figure 1. The plot iilustrates the actual reduction o¢f acidity
iron concentrations and increase in pH of the filtrate as a function of time. The
reactions obviously occurred very rapidly. The continuing slower reaction can be re=-
lated te the substantially decreased reactant concentrations and to various physical
phenomena which would assist in favoring a continuing reaction. In addition, this
drainage sample contained 3700 mg/l dissolved solids, 2130 ppm sulfate, 225 ppm Ca0,
and 115 ppm MgG. All the iron was present in the ferric state, After reaction for
60 minutes, the dissolved solids had increased to 4480 ppm (26 percent), the sulfate
to 2221 ppm (4 percent), and the calcium to 1090 ppm (380 percent). The relative
completeness of these reactions and the extent to which they might be .expected to pro-
ceed is shown in Figure 2 in which the coal sample which had been allowed to react
- with the coal mine drainage for 60 minutes was filtered, dried in air for 20 heurs, /
and retreated for 10 minutes with another sample of the coal mine drainage. This ’
procedure was repeated three times after which the coal response was negligible. An
additional series of tests were carried out in which the coal concentration was vari-
ed., The results of these reactions are shown in Figure 3. The data developed from
the various gravity fractions of this coal with coal mine drainage established that
a much higher level of reactivity resulted ircm the most dense mineral-containing
fraction and that a negligible reaction occurred with the low gravity, low mineral
content fractions.

These data show that various soluble minerals are leached from coal includ-
ing calcium sulfate and some alkaline materials (sodium) with water which can change
the water quality. The response found, 2valuated and discussed here can result in an
improvement in water quality as regards the most serious coal mine drainage pollutants
- pH, acidity, and iron contents. It does leave the water with a large dissolved salt j
contents (primarily calcium and sulfate ions), which can be detrimental in some situ-
ations. The reactioen found was related primarily to the calcium carbonate content of
the raw coal and to its degree of liberation. Consequently any practical application
implied from these results will vary with the individual coal and can limit its signi-
ficance - especially due to the large amounts of coal required to treat a given volume
of water. Commercial plant application has been carried out and found to be practicak
However, in the course of these studies, other phenomena more related to those origin-
ally sought, were cbserved which show potential of much more significant effects.
Further research is being pursued.
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A NEW ROTATING-ARC HEATER FOR CHEMICAL PROCESSING
C. Hirayams and D. A. Maniero

Westinghouse Electric Corporation
Pittsburgh, Pennsylvania

A number of hot cathode plasma processes of the Gerdian type have been
proposed for chemical synthesis on the basis of laboratory experiments.l Most of
these processes, however, are generally limited in their application since the
hydrocarbon or air cannot be directly heated by the arc because of their deleterious
effects on the electrode. The reactant gases are generally introduced into the
plasma. downstream from the electrode. Although excellent yields of acetylene, for
example, have been obtained, the commercial application appears impractical because

of scale-up problems, and the necessity to utilize elther inert or reducing-gas
plasmas

The commercial application of electric-arc gas heaters have been
realized, however, in the Hllels type of arc by Chemische Werke Hilels AG, in
Germany2, and by DuPont in the United States.3 Both of these processes are of
the long-arc, direct-current type. Although the details of the DuPont process
have not been disclosed, it is known from the patents issued that electrical
rotation of the arc is utilized. The arc rotation in the Hllels process is
obtained by introducing the gas into the arc-chamber in a swirl.

Some Oof the impartant technical details of both these processes are
that 1) L4.5-6.0 kilowatt-hour of electrical energy are required to produce one
pound of acetylene from methane; 2) that the residence time of the gas at ~1500°C
in the plenum chamber is 1-3 milliseconds; 3) the product acetylene concentration
is about 15 and 20 volume per cent, respectively, in the Hlels and the DuPont
processes .

This paper describes the design and application of a rotating arc device
of the short arc type which has recently been developed for gas heating. The short
arc necessitates high current application, at relatively low voltage. The elec-
trodes, therefore, must be capable of carrying this -high current (and heat flux)
without failure. Some of the advantages which may be expected from this device are:
1) relatively more uniform temperature profile as compared to the long arc device;
2) better control of arc with both direct and alternating current power; 3) longer
electrode life; 4) improved mixing of the reactant gases in the heater.

‘Thermo ics

In the application of any high temperature device to a particular
chemical reaction, the thermodynamics of the system is first considered. If the
reaction ig carried out under equilibrium conditions, the products are then clearly
defined. The C + 2Hy system, for example, has been studied by a number of workers
under equilibrium conditons, and the products agree quite well with the equilibrium
calculations based on available thermodynamic data.” Similar studies with methane,
as it will be shown, also apply in the arc heater under certain conditions. Some
of the economically practical reactions, however, will require high flow conditions
at which non-equilibrium conditions prevail. In such instances one needs detailed
kinetic information to predict the path of the reactions, and the product composi-
tions thereof. Unfortunately, dependable high-temperature kinetic data for the
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cracking of methane are sparse; in particular, such data for flow-reaction conditions
approaching those in the arc-heater are practically non-existent. - '

When the methane passes through the electrode gap of the heater, that
volume which sees the arc is perhaps heated to temperatures in excess of TOOO°K,
This volume of gas is therefore completely dissociated. Part of the gas will not
be arced, the proportion depending on the rate of arc rotation and on the gas flow
velocity, but will mix with the hot arced-~gas in the plenum chember. Herein lies
the critical period of the chemical process. At low gas velocities and high
rotation, the gas mixture may easily attain equilibrium conditions. At high gas
velocities the residence time of the mixture in the hot zone may be too short to
reach equilibrium. The average temperature of the mixture at high flow will also
be lower at & given power input. It will be shown that these latter conditions
prevail in methane processing, and may be important economical factors.

Figure 1 shows the equilibrium for the C + 2Hp system.at a total pressure
of one atmosphere. Since our studies are at approximately one atmosphere, this
consideration applies. The computation is bgsed on data reported in the JANAF :
Tables’ and programmed by Chambers and Tuba. Note that solid carbon is an
important constituent up to 3400°K, but disappears at 3T00°K. At the latter
temperature the gaseous species of carbon become important. The maximum acetylene
concentration of x = 9 appears at 3600°K, and decreases rapidly above 3700° and /4
below 3400°K. Also note that CHh and CoHY are quite unstable at these high
temperatures. If the gas at 3600° is quenched at a rate of about 107 degrees/sec,
the acetylene will be essentially frozen, and there will be precipitation of carbon
and recombination of H and the other radicals. The camposition of the gas phase,
then, may contain ~15 mole % CoHp; the remainder being Hp, CpHL and CyHp. It is {
noteworthy that the kinetics of formation of acetylene is much faster than its
decomposition, so that essentially all of the acetylene may be quenched. Earlier
work™ has shown that agreement between theory and experiment is excellent. The 4
amount of solid carbon frozen from an equilibrium mixture, therefore, is about
Lo% of the total carbon. _ J

In the production of acetylene' from methane, we may consider the reaction }

i
2CH, —» (1-n)C,H, + (3+n)H, + 2nC, 13 n3 0 (1)

Ideally, the reaction should proceed with n = 0, with a heat of reaction of approxi=-
mately 90 kcals. The free energy change for this reaction is approximately

A Fp = 95.4-0.0680T. 1In engineering units, the heat requirement is equivalent to J
5000 Btu/1b CHy, Just for the heat of reaction. Additional sensible heat needs to

be added to heat the methane to the reaction temperature. For instance, 2100 Btu/ !
1b are required to heat the gas to 1500°K. The free energy for the reaction also
becomes negative at ~1500°K. For the reaction as shown in equation (1), the heat

of reaction'is AHp = A(AEy); + A (Hp - Eo){, where the symbols have their usual

thermodynamic designations. Note that the last term is the sensible heat at T.
As carbon precipitates, therefore, the heat of reaction decreases at 1500° since J
it's AEy = 0. ' ¥

From the equilibrium computation, the enthalpy-temperature relationship
is obtained as shown in Figure 2. This curve conveniently allows the average
temperature determination for equilibrium systems since the enthalpy is usually J
known in an experiment. This does not apply, however, to non-equilibrium systems .
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Kinetics

It is apparent from the rapid flow reactions, such as the Hlels and the
DuPont processes, that equilibrium is not obtained in the cracking of methane.
This reaction, under optimum conditions, shows low carbon yields of about 5%.
Also, there is present about 1% of ethylene among other minor hydrocarbon con-
stituents. The kinetics of thermal decomposition of methane has been studied by
many workers. The exact mechanism, however, remains unresolved. It is generally
believed’ that two primary steps may take place near 2000°C:

a) CH, ——> CH, + H, k = 5x1011Exp(-80kcal/RT)
b) COF, —> CHy +H "k = 104**58Ryp(-103kca1/RT)
The A 5598 for the reactions are 102 and 103 kca&;Bgespectively. The overall

monomolecular decomposition of methane is k = 10t Exp(-lO3kcal/RT), and the
free radical reaction chﬁin is apparently verykshort. Thg following chain is

often postulated: CH), 1N CHg =2, C B, —35 CH, ——E) polymeric products.

The ethane is presumably formed by the reaction CHy + CHy, —> C,Hg + H, with the
ethane dehydrogenating rapidly. At isothermal conditions it is shown that [CQH5J /
[cH,] = 1075 at 1800°K, thus CpHG is not detected in the cracked products. The
polymerization of acetylene to diacetylene is a second order reaction whose rate

.constant is relatively slow compared to the other monomolecular rates. Hydrogen
-is known to retard the decomposition of ethane, thus the formation of acetylene.

Also, incres sing the.temperature in the neighborhood of 1100°C increases the rate
of CoHy formation. It appears, then, that maximum acetylene is obtained at
temperatures higher than 1100°C and at short residence times at the high tempera-
tures. In a rapid flow system there will be no hydrogen accumulation to decrease
the acetylene formation.

It is generally believed in methane cracking that the gas should be heated

to at least 1500°C, at residence times in the neighborhood of one millisecond. It
should be remembered in reactions in an arc-heater that the temperature gradient
may be much greater than those obtained in the above kinetic studies.

Description of Rotating-~-Arc Heater

A cross~section of the heater used in this program is shown in Figure 3.

One or more process gases can be added at the six locations designated "A" thru "F".

With the arc established between the two toroidal electrodes, only the gas added at
locations "C" and "D" will actually pass thru the arc zone. Some small amount
(2 to 5% of total flow) must be added at the other four locations to keep the gaps

clear of debris and prevent short circuiting of the electrodes.

All internal parts of the heater exposed to the gas are fabricated from
copper or copper alloys. These parts are all water cooled. To prevent vaporiza-
tion of metal from the electrode surface at the point of arc attachment, the arc

. is rotated around the gap at high speed. This is accomplished by the field coils

!

which establish a magnetic field perpendicular to the arc column. The resulting
force acts on the arc column causing it to rotate at speeds on the order of
2000 feet per second.

To start the heater, a thin metallic wire is inserted between the
electrodes. Application of power causes a high current ® flow and rapidly
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vaporize the wire. The explosion of the wire provides an initial ionized path

to establish the arc. In testing with hydrocarbons, the heater is usually started
with an inert gas such as nitrogen. This allows the arc to stabilize without any
solid by-products being formed in the heater. After several seconds, the nitrogen
flow is stopped and hydrocarbon feed started.

The heater configuration shown in Figure 3 has been operated on both
single phase A.C. and D.C. power. For A.C. arc operation, the field coils are
separately powered from & D.C. power supply. When operated as a D.C. device,
the field coils are connected in series with the arc and do not require a
separate power supply.

Tests were conducted using both A.C. and D.C. power. Electrode gaps of
0.38; 0.75, and 1.5 inches were required to cover the power range from 90 to 2360
kilowatts into the arc. Stable arcs were maintained with currents as low as 780
amps. Currents of 3830 amps with methane and 9200 amps with nitrogen have been
carried by the heater electrodes without damage.

The efficiency of the heater, calculated on the basis of electrical power
and heat lost to the cooling water, has gone as high as 79%. Heat addition to the
process gas has been as high as 19,900 Btu/lb. of CH),. The maximum methane flow in
the heater is about 30 1bs/minute. - '

Chemical Tests

Tests have been run with methane of technical and C. P. grades. Propylene
has also been cracked in the heater. The range of methane flow was from 0.04 to
0.275 lbs/sec. at arc power levels up to 2360 kilowatts. The gas was introduced
into the heater at room temperature, and the flow was controlled by metering through
a sonic orifice. At least three cylinders (15 lbs. methane when full) were opened
to the manifold during & run. The pressure of the gas thus feeding into the heater
was approximately 40 psig, and the total pressure in the heater chamber was 18 psia.

During a test the product gas was sampled by inserting a probe just inside
of the heater nozzle. The probe was a water-cooled, concentric copper tube, with a
1/8 inch bore which was connected to the sampling manifold. The latter held 5 sample
bottles, with a solenoid valve connected in parallel at each end of the bottle. The
valves were remotely controlled from the instrument operating room. During a run
the valves were all opened a few seconds after the nitrogen was turned on into the
heater, and the system pumped continuously. At appropriate time intervals after the
methane flame was started, the product gas was sempled by closing off the set of

solenoid valves on any bottle. Thus, for any given run it was possible to obtain

one or more samples at different periods. Since the quench rate is high in the probe,
the gas samples should be representative of the camposition at the nozzle. -The
chemical analyses of the product gas in all cases was made mass spectroscopically.

The power levels during any given run were varied after one to two minute
intervals, usually by altering the current. The gas samples were taken at the end
of a given power period. Simultaneously with the sampling, the electrical and flow
data were recorded on the strip chart; subsequently, the current was stepped up or
down. It should be noted that the arc reached stable equilibrium during any power
level in the matter of a few seconds. The length of & given run varied from a few
minutes to about 12 minutes. '
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The proprietary nature of this work prevents the authors from presenting
the detailed data at the present time. However, the specific data presented will
suffice to illustrate some of the important operating charactenstics of the are
heater when used as a chemical processing tool.

" TABLE I. Product Gas Analysis From Methane Run (Mole.%)

B, CH), CH, CH, C,E, Other HC ‘
0.98 38.17 9.52 0.88 - 0.21 0.25

TABLE II. Camposition of Products in Mole % ;

H, CH), 02H2 c Hh C,H, Other HC _c_ |

46.3 34.7 8.7 0.8 0.2 0.2 9.1 (

TABLE III. Conversion of Reacted Methane to Products /J

CoH, c CH, €\, Other % CH, Reacted 1

57.0 " 32.3 5.2 2.5 3.0 W6.7 ‘

Table I shows the product gas analysis of a methane run. The material
balance is then shown in Table II. This particular run corresponds to a methane )
conversion of 46.7%, as shown in Table III. The energy conversion for this run
was 6.8 kwh/1b Colp. Depending on operating conditions, the acetylene concentra- J
tion in the gas has ranged from T-12 mole %, the other major constituents always
being hydrogen and the unreacted methane. The energy conversion obtained was as
low as 2.6k kwh/lb CoHp. The methane conversion was increased appreciably when ‘
the arc-rotation was increased by increasing the field current. Although not
.yet optimized, methane conversions of 80% have been obtained in this way, where !

_ previously the conversion was only about 50%. The increased conversion obviously J
results from the better mixing and greeter proportion of gas which passes through
the arc.

The carbon content and its properties have varied with the operating
conditions. The conversion to carbon varied from a few per cent to about 40% ’
of the total carbon input. With A.C. power the carbon was generally of an amorphou.{
nature, whereas at D.C. power at high enthalpy levels, the properties approached
those of pyrolytic graphite. Thus, sg.rface areas varied over almost one order of
magnitude from about 20 to over 100 m / The purity of some samples, determined
by a spark-source mass spectrometer, showed extremely low metal contamination (at
least an order of magnitude less metal contamination than in spectrosopic carbon).

‘There are certain basic differences in uniformity of heating between A.C/
and D.C. excitation. This arises from the alternating 60 cycle power cycle of the
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A.C. excitation as opposed to the steady D.C. system. The latter allows a more
uniform heating, with less temperature fluctuations; whereas the former shows the
alternating pulses of relatively hot and cold volumes of gas as observed by high
speed photography. "

The rotating arc heater has been in intermittent operation for a period
of over a year. There have been meny start-ups, with runs of duration up to approxi-
mately 12 minutes. The length of a run has been limited by the available power .
supply and cooling water. The heater has performed dependably with the original
set of electrodes. Only difficulties encountered were under certain conditions in
which excessive carbon deposited between the electrodes. However, & surprisingly
large deposition of carbon may be tolerated in the heater, and still allow safe
start-ups without removal of this carbon. It should be emphasized that start-up
conditions are the most severe since large power surges ave involved. It is felt
that the heater is capable of continuous operation for periods up to 1000 hours,
based on electrode and heater examination after repeated tests.

Discussion

From the equilibrium shown in Figure 1, the maximum acetylene concentra-
tion of about 15 mole % should be in the gas quenched from 3600°K.  The CpHp concen-
tration decreases rapidly above and below the latter temperature. When the product -
gas analyses in this work are normalized by subtracting out the unreacted methane,
the acetylene concentration remains at around 15 mole % over the wide range of
enthalpy levels. It is apparent then that thermodynamic equilibrium is not attained,
particularly at low enthalpies. At high enthalpies, however, the gas probably attains
equilibrium and the average temperature is in the region of 3600°K. Since temperature
measurements have not been made at low enthalpy levels, we can only conjecture that
the average gas temperature is around 1500°K.

The low energy conversion of 2.6k kwh/1b. CoHp is significantly lower than
the 4.5 to 6.0 kwh/1b. CpHp reported for the other arc processes. On exsmining the
enthalpy requirements for this low conversion, it was found that 2.4 kwh is required
Just for the heat of reaction. Since sensible heat must be supplied, our value of
2.64 kwh/lb. appears. too low. This determination obviously needs re-confirmation
by further testg It may be of interest, however, that & recently publicized electro-
thermic process reports an energy conversion of 2-3 kwh/lb. CoHp in the cracklng of
methane at around 2000°K.

From the dimensions of the rotating-arc heater, a plenum chamber of
80 in.3 is obtained. The average residence times of the gas, then, varled from
h to 0.7 milliseconds in our tests.

The relative stability of acetylene during quench was qualitatively
demonstrated by sampling the product gas with the 1/B-inch and a 2-inch sample
probes. The gas analyses from both systems were very similar, in spite of the
difference in quench rates.

Conclusion

A versatile rotating-arc heater, and some of its operating ranges, has
been described. The device is of a short-arc type in which the gas is introduced
in five positions. Thus two or more different gases may be easily heated together,
and finely divided solids are not excluded. Methane flows up to about 30 lbs/min.
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is possible at either A.C. or D.C. power inputs up to 2. L megawatts into the arc.
Thermal efficiencies as high as 79% have been obtained. The design of the heater
is amenable to the direct heating of reducing inert and oxidizing gases.

Methane and propylene have been processed through the heater with some
results for the former reported herein. Energy conversions at least comparable
to other arc processes have been obtained. An added advantage is the relatively
small physical dimensions of the heater. This feature allows higher thermal
efficiencies. :
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FQUILTBRIA IN THE SYSTEM 2N, + Hp AND N, + 8o,
AND THERMODYNAMIC PROPERTIES OF NpH, AT 1000° TO 5000°K

Chikara Hirayema and Anthony M. DeRoo

Westinghouse Research & Development Center
Pittsburgh, Pennsylvania 15235

_ .Although high temperature equilibrium date on systems contain-
ing carbon, hydrogen, and nitrogen have been reported, the same Iype of
data for the more simple system containing hydrogen and nitrogen— have
not been reported. Both systems are of obvious interest in the chemistry

" of reactions in a high-temperature plasma.

‘We. presently consider the equilibria in the systems 2N, + Hp
and N2 + B8H, at 1000° to 5000°K. Tdeal ges behavior is assumed. The
following species only are considered to be present in the gas: Hp, Np,

. H, N, NH, NHp, NHa, NoHy. Undoubtedly, there are other species and ions

present, such as NpHa, but the concentrations of these will be negligible
compared to those considered here. It is expected that NoH, will also
be negligible, but we include this species because of its practical
interest.

Eight equations are required in order to determine the concen-
trations of the eight components. Five equations express the equilibrium
constants for the formation of H, Ny, NH, NHy, and NHa, where the data
are taken from the JANAF Thermochemical Tables.Z The sixth equation,
the equilibrium constant for formation of NoH,, is calculated herein.

The seventh equation expresses the total pressure as the sum of the
partial pressures, i = P. The eighth equation expresses the material
balance; i.e., for tﬁe system 2N, + Hp

2P, +P_ + 0.5P

Ho H + 3P

NoHg

NH + 1.5 PNH2 + 2.5 P

NHa
- By - 05 =0,

and for the system Np + 8Hp

8p_+16P, +TP_ . +60P + 5P + 12 P
N Nz
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The set of eight equations were solved for the different tem-
peratures and pressures of one and a thousand atmospheres on a computer.
A single pass in the computation was sufficient. Figures 1 to 4 summarize
the results.

The partial pressure of NpH,, as suspected, is negligible in
all of the systems, although it goes through a maximum. The partial
pressure of NHy decreases rapidly with increasing temperature, showing
the low stability of this species at the high temperatures. It is
interesting to note the stability of N, even at SOOOOC, as evidenced
by the small decrease in partial pressure of thls species from 1000°
to 5000%K. _

There is only a very small effect on the concentration of the
species NH, N>, NpHy, and NHs by varying the ratio of Np:H,. However,
an increase in pressure from one to 1000 atmospheres does cause a slight
shift in equilibrium, so that the relative concentrations of NHg, NoHg, !
and NH, increases slightly.

‘Thermodynamic Properties of NoH,

Scott, et 31,3 have reported thermodynamic propertiesof NpoHy
to 1500°K. We extend these data to SOROOK by using the more recent
spectroscopic data of Giguere and Iiu. e latter workers were unable
to determine the symmetrical stretching ()),) and torsional (3/;) vibra-
tions, so that we use the values of Scott, et al, for these two frequencies.
The three components of the moment of inertia, the potential barrier to
internal rotation, the reduced moment calculated by Pitzer's formula,
and the heat of formation at absolute zero are those given by Scott. /
Table I summarizes the spectroscopic data.

In the calculation of the equilibrium constants of NyH,, the
free energy functions of gz and N, were obtained from the tables of the
U.S. Bureau of Standards. Table IT summarizes the thermodynamic data.

. The values_of the thermodynamic functions calculated by us differ
from those of Scott”? by 1.5 to 3.5% in the different functions in the
range 1000° to 1500°K, since the vibrational contributions in this work
are based on the more recent data of Giguere and Liu. The free energy"
of formation and - log for this temperature region are about 1.5%
and 2% higher, respectively, than those of Scott and co-workers.

Acknowledgement

We thank Miss Rosella Freedman for the computer calculations.



135

amve et

10!

1073

104

1075

06 |—

108

0’ —

1010

! | |

2000 3000 4000
Temp., °K
Fig. 1—-Partial pressure as function of temperature for system 2N,
) + Hy at trtat pressure of 1 atmosphere.




P, atm.

136

N2

107?

1074

107 +—

07

Hy

NHy

i Y4 | ]

2000 3000 4000
Temp., °K
Fig. 2—~Partial pressure as function of temperature for system 2Ny + )l
at total pressure of 1000 atmospheres.

T




S

Q]

10?

10-)

0t

w07

1010

137

CUVY, ansiiet

|

1

|

1000 2000

Temp., °K

Fig. 3—Partial pressure as function of temgce ature for

at lotal pressure of 1 atmosphere.

4000

system Ny + BHy



o’ CYRYE 522629
we— m—— == —+—o
Hy
N
10 : 2o o—_—
Ny H
10— —
N
1 —
wil— 4
10? |— —
A
w / —
1074 - ]
10°% —
q
10 }—
107 | i
1000 - 2000 3000 o0 5000

Temp., °K
Fig. 4—Partial pressure s function of temperature for system N + 8 H,
at total pressure of 1000 atmospheres.




139

magrp L
- kit L -

'MOLSCULAR DATA FCR IVTRAZINTD

Vii)re.tional Frécue:cv
Mets . - om=t M O&o : -l
o 3325 . B v - . 3350
7.2 , 3160_. 79 (doublet) -_;,E:i) :
EI : 1493 - | 710 1628
k : n o 1098 SR 1275
75 ' 950 N2 (doublet) 623
’ : . G55
75 780
360

77

Syzmetry number (g~) = 2
v, Moleculsr Weight = 32,048

Moments of Trertia

I, = 6.18 x 1040 g cz?

I = 35.33 x 10740 g e
Io = 36.98 x 10740 ¢ -

‘Reduced moment for 1n£ernal rotation =« 1.53 x 10"1"o g cm®
Potential barrier helght for -internsl rotation = 2800 cal/mole
! Aﬂg o 26_,060 cal/mole '

Statistical weight of electronic grouud state = 1




140

~ - <. —_————

T e ne Eh2 90 € . gl 1 o 2rUoL . 000§

HE- €T #0° 962 9n°'06 76 1T Slewe 18 62 0024
G €T 1T HEe T0°68 TGS TIT 12 %e , 19'6c 008t
$9° €1 . éorere LE-4g O£ goT 09tz Qe 62 00HE
2T 4T £g° Lot w2 6L %6 00T . 26°1e 0%°ge 0092
RE"HT _ wm.wwﬂ $9° 1L o 06 6 61 09°92 008t
6g°91 - gTLL %9°'19 20°9L v Te 61 ¢6'Tc . 0001
4y Sor- ITCH/TED 1 *8=q 9O/ /TeD X .moa\OHoz\Hmo “3ed OTOA/T80 M OTOW/180 N, -duag
T c ¢ ¢
3 L oS I te}
o - . Mﬁ ~ od .“m - oz .

M.000% OL ..000T MOHA ::Nz JO THYASHOD JINTNATITNDE ANV
NOTIVIRIOL J0 KOUiM A3ud “SHOTIOMOA DIVVNIQOMMINL ’

1L WIAVL




141
REFERENCES
Kroepelin, H., Kipping, D.E., and Pietruck, H., "Progress in Inter-
national Research on Thermodynamic and Tra.nsport Properties," EQ.

J. F. Masi and D. H. Teai, pp. 626-648, American Society of Mechani-
cal Engineers, Academic Press, New York, 1962

* "JANAF Thermochemical Tebles," Vol. IT, 1960.

Scott D. ., 011ver, G. D., Gross, M. E., Hubbord, W. N., Huffma.n,
H. M., J. Am. Chem. Soc., 71 2293 (1949).

Giguere, P. A., and Liu, I. D., J. Chem. Phys., 20, 136 (1952).

Pitzer, K. S., and Gwinn, W. D., J. Chem. Phys., 10, 428 (1942).

U. S. Bureau of Standards Circ. 564, 1955.




142

CATALYTIC DEHYDROGENATION OF LOW-TEMPERATURE LIGNITE PITCH
Richard L. Rice and John S. Berber '

U.S, Bureau of Mines
-Morgantown, West Virginia

_ ABSTRACT .

" Piteh oﬁtained from the vacuum distillation of low-temperature lignite
tar is not suitable fof present cémmercial applications. To‘meét specifica-
tions for existing markets,Athe characteristics of the pitch must be changéd.
One method for modifying pitch is cétalytic dehydrégenation. Palladium (30%)
on Ca.CO3 vas chosen as the reference catalyst becausé it has given good results
in other work. 'Various metal oxide catalysts were tested; nickel oxide gave °
the highest equivalent hydrogén removed, 14.8%. As a hydrogen-rich gas pro-
ducer, nickel cataiyst gave the highest yield with an off-gas éonfaining h.22'
millimols of hydrogen per gram of pitch while palladium catalyst off-gas
éonféined 1.22 millimols'of hydrogen pér gram éf pitch. The best methane
producing catalyst was palladium okide with an off-gas containing 3.07 milli-
mols of methane per gram of pitch. - Aluminum was next with an off-gas containing

2.62 millimols of methane per gram of pitch.



