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ABSTRACT

During the summer of 1981, an investigation on behalf of the
Department of Energy was begun at The University of Tennessee,
Knoxville. The purpose of this study was to investigate the
reactivity of fly ash with SO» in the University's pilot plant spray
dryer/fabric filter removal system.

The study commenced with the collection of 22 fly ashes
(including lignite, subbituminous and bituminous eastern and western
ashes) from the Gulf Coast, Rocky Mountains, and Northern Great
Plains regions. These ashes were then used to investigate methods
of enhancing SO» removal capability due to alkaline fly ash placed in
a water based slurry and pumped to a spinning disk atomizer located
on a slipstream from a stoker-fired boiler.

It was demonstrated that SO2 removal efficiencies as high as
30 percent could be achieved by several of the fly ashes tested. It
was also demonstrated by one fly ash that ball milling, prior to
production of the slurry, increased the S02 removal efficiency from
18 to 46 percent. It is believed that the 62 percent increase in
slurry alkalinity and the 17 percent increase in surface area for
the milled ash caused this improvement in efficiency.

Using the concept of total sulfur retention as a function of
surface area and slurry alkalinity, four modeling equations were
produced. A complete model consisting of all the ashes collected

yielded an RZ of 0.82. 1In addition, separation of the ashes by rank,



iv
i.e., bituminous, lignite, and subbituminous, yielded RZ values of

0.96, 0.95, and 0.89, respectively.
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CHAPTER I

INTRODUCTION

There has developed increased interest in spray dryer usage
as a viable economic and technical solution to flue gas desulfuriza-
tion (FGD). This interest resulted from the Environmental Protection
Agency's (EPA) passage of a new standard for sulfur dioxide (502)
emissions from fossil-fueled electric utility steam generating units
for which construction began after September 18, 1978. This standard,
which is based both on the heating value of the fuel as well as the
sulfur content permits Tower SO» removal rates (70 percent) for low-
sulfur (less than 1 percent) coal combustion (1).

In the spray drying process, an a]ka]i'sorbent Tiquid is
atomized in a spray dryer while reacting with S02 using flue gas as
the drying medium. The FGD reactions proceed as a function of the
drying time, yielding a suspended particulate in the gas stream from
which the heavier fraction drops out into the hopper. The remaining
reacted sorbent and fly ash proceed to a fabric filter collector
(bag house) where further FGD reactions occur with the unreacted
alkali and residual moisture in the filter dust cake.

One method used in the design of spray dryers incorporates the
use of slaked 1ime as the alkali sorbent. However, the increased |
cost of 1ime has led to the investigation of other sorbent alterna-
tives. One of these is high alkalinity fly ashes resulting from the

combustion of low-sulfur western coals. Although fly ash has been
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shown successful in removing SOp, its reactivity potential varies
from coal to coal. Consequently, the purpose of this research was
to identify the potential reactivity of various types of fly ash and
thus determine their capability for S02 removal. This knowledge
would provide design engineers with the necessary data to determine
whether the fly ash from a particular utility could be used as an
effective supplement or substitute for slaked 1ime in the utility's

spray dryer system.



CHAPTER II
LITERATURE REVIEW

The energy crisis facing the United States today has forced
utilities to increase their capability to burn coal for energy as a
solution to rising oil prices. However, as coal combustion increases,
so do the levels of SOp which result from the virtually complete
conversion of sulfur, a natural contaminant of coal, to SOz when the
coal is burned. Stringent emission requirements have led to the
development of various control technologies for SO2 removal.

Prior to 1980 SO, removal was accomplished by absorption
using a technique commonly referred to as wet scrubbing. Wet
scrubbing utilizes a solution or slurry in a gas-liquid contacting
system 1ike a spray or packed tower to remove the SO2 from the flue
gas. In addition to the absorption equipment necessary, further
investments are likely to be required for the sulfur to end up as a
suitable waste product for a landfill (such criteria are specified
by the Resource Recovery and Conservation Act).

The alternative to this is a process known as dry scrubbing
or spray dryer absorption. Similar to wet scrubbing the acidic SO2
gas is removed by contacting a suitable absorbing solution, generally
a slurry of alkaline material. This solution is first pumped to an
atomizer at a set revolutions per minute (rpm) thus governing
droplet size within the spray dryer. As the droplets mix with the
incoming flue gas, subsequent absorption and reaction occur resulting

3
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in the conversion of SO7 to sulfite and sulfate end products (2, 3).
Typical solutions used in this process would incorporate, for
example, lime or sodium carbonate as a reagent. The overall reaction
of lime scrubbing is given by:

S0 (g) + Cald (s) + 1/2 Hy0 + CaSO3 - 1/2 Hy0 (Eq. 1)
The scrubbing with a solution of sodium carbonate produces a solution
of dissolved sodium/sulfur salts as shown by:

NayCO3 + SO + NapSO3 + CO2 (Eq. 2)
Following scrubbing, the sodium sulfite is oxidized yielding a
neutral product of sodium sulfate (with no oxygen demand) which is
then discarded (4).

NapS03 + 1/2 02 = NapSO4 (Eq. 3)
Once the products of reaction have been formed, the heavier fraction
separates from the flue gas stream by means of a hopper located at
the bottom of the spray dryer. The remaining product-laden gas
stream then proceeds to the particulate control device, generally a
bag house, where additional interaction between the flue gas and the
filter dust cake permits further S02 removal.

Other FGD removal systems have been developed for application
on various industrial processes apart from utility coal combustion
for steam generation. Examples of these are chemical, food, offal
and fish industries (5). Wark and Warner (6) discuss 10 different
processes which are divided into dry processes, and those operating
either once through or regenerative, both of which are wet scrubbing

processes (Table II-1). Jahnig and Shaw (7) discuss the design
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basis of each of these processes as applied to a modern 800 MW power

plant burning I1linois #6 coal.

Advantages and Disadvantages of Dry vs. Wet Scrubbing

The conclusions of research conducted by Basin Electric Power
Cooperative (8) and Radian Corporation (9),with regard to the over-
whelming merits claimed by vendors of spray dryers, are in agreement.
In general, dry FGD is considerably more attractive than wet
scrubbing because the product formed by this process is dry and
consequently easier to handle compared to a wet sludge. Also,
depending on the application, there are potential capital and
operating cost savings resulting from reduced equipment requirements,
lower energy and water requirements, and relative process simplicity.

The product of dry scrubbers can typically be conveyed by
processes analogous to those used for fly ash. This eliminates any
special, maintenance 1ntensivé, sludge handling equipment. Con-
trarily, wet scrubbers need considerable equipment 1like centrifuges,
thickeners, or vacuum filters to dewater the sludge rendering it
suitable for a Tandfill.

There are other quantifiable advantages to spray dryer
utilization in the area of operation and maintenance. The mode of
gas-1iquid contacting in wet scrubbers has presented problems of
scaling and plugging across packing materials and demisters. The
high pressure and volumes required to circulate the abrasive slurry
in wet scrubbers has often times caused a considerable decrease in

the operational 1ife of pumping equipment. This is evidenced by



1iquid-to-gas ratios (L/G) of 0.2 to 0.3 gallons per 1,000 actual
cubic feet (acf) for dry systems to about 40-100 for wet scrubbers.
Finally, the ability to adjust process operations to variations in
the inlet SO» concentration and flue gas flow rates give dry
scrubbers increased operational flexibility.

A limiting factor in spray dryer application is the large
reagent requirements compared to those of wet systems (9). The
stoichiometric ratio (SR), moles of sorbent required per mole of SO»
entering, are greater for increased inlet concentrations which can
1imit their capabilities for use with high-sulfur coals. Parsons
(10) emphasizes the importance of the approach to saturation at the
spray dryer outlet in conjunction with SR. The amount of slurry of
solution that can be sprayed into the incoming flue gas is limited
by the temperature drop that exists between the spray dryer inlet
and outlet. Based upon that of the inlet gas, a fixed temperature
increment must be maintained above the adiabatic saturation tempera-
ture (dew point) to prevent a caustic attack or blinding of the
filter bags located downstream. Although, increased reagent costs
are a disadvantage, it is unlikely they will circumvent the 25 to
50 percent savings in energy consumption dry FGD systems yield when

compared to wet systems.

Economics of Dry vs. Wet Scrubbing

An economic evaluation was conducted by Tennessee Valley
Authority (TVA) (11) on flue gas compositions resulting from three

different types of coal (Table II-2). Table II-3 gives typical
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Table II-2. Coal composition (11).
Origin of Coal Heating Value, BTU/1b. Sulfur % Ash %
I. Western 9700 0.7 9.7
II. Eastern 11700 0.7 16.0

III. Eastern 11700 3.5 16.0
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10
ranges for capital investments for the lime spray dryer process and
the limestone scrubbing process. In overall capital investment the
limestone scrubbing process is 16 to 31 percent higher than the 1ime
spray dryer process. Of all the features considered in determining
capital investment, like slurry preparation, handling costs, waste
disposal, and S02 absorption, it is the latter that represents one-
third of the direct costs in both wet and dry scrubbing. TVA found
very slightly higher costs for wet solids separation (thickening and
filtering) compared with dry solids handling (pneumatic conveying
and solid storage) and slightly lower disposal costs because of the
higher bulk density of the gypsum waste from the limestone process.

Also included in Table II-3 are the levelized annual revenue
requirements. These levelized costs were first year costs adjusted
for 6 percent per year inflation and discounting by 10 percent per
year (cost of money) over the estimated 30-year life of the
installation.

For the cases of western and eastern low-sulfur coals
absorbent costs are minor when compared to maintenance costs. These
costs for limestone scrubbing are more than double those of spray
dryer processes.

For the high-sulfur eastern coal case the cost advantage of
the lime spray dryer process is decreased. Absorbent costs total
24 percent of the annual revenue requirements for the spray dryer
process; for the limestone scrubbing process only 3 percent.
Generally, all other cost increases remain relatively constant for

both processes.
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Sorbent Potential of Fly Ash

The intent in the design of spray dryer systems is to meet the
federal emission regulations for SO02 while minimizing the stoichio-
metric ratio (SR) of reactants, i.e., sorbents.

Data reported by Hurst and Bielawski (12) on an 8,000 actual
cubic feet per minute (acfm) spray dryer pilot unit describes the
direct link that exists between SO removal efficiency and SR.
System efficiencies from 60 to 80 percent were obtained for ranges
of SR between 0.8 and 1.2. The findings of other investigators
(8, 13, 14) were consistent with these values. However, as SR
increases, to produce greater S02 reduction, the costs of reagent
increases causing a cost/benefit question to be asked of spray dryer
manufacturers. Fly ash offers a potential answer to this question
of economics by becoming a Tow cost supplement or even possibly an
alternative to traditional sorbents.

Typical flame temperatures achieved by most utility boilers
are near 2500° F (15). Meyer (16) has suggested that the sulfur
retained by the fly ash is linked to its metal oxide content by the
following reaction scheme:

MO (s) + SO, (g) + 1/2 02 (g) » MSOg (s) (Eq. 4)
where M is the metal species. The steps involved are (1) adsorption
of SOp onto the oxide surface and reaction to form the sulfite
(M2S03) and (2) further oxidation to the sulfate (MSO4). The reac-
tion rate is a function of temperature, gas concentration, metal

oxide particle size, and surface properties.
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Natusch (17) and Keyser (18) have suggested the surface
enrichment of fly ash particles is due to volatilization-adsorption
(or condensation) that occurs as the ash cools while exiting the
high temperature combustion zone. Extraction with both water and
dimethyl sulfoxide has shown levels of K, Fe, Na, and S to be higher
in the surface layer, possibly as alkali iron sulfates, than in the
core of the ash particle. This sulfate formation on the surface
substantiates the theory that fly ash may be acting as a catalyst
for the oxidation of SO2.

Many researchers have shown increasing concentrations of
sulfur on the surface in conjunction with decreasing particle size
(17, 19, 20, 21). Such observations support a surface area-related
phenomenon in addition to the‘chemica1 reaction between condensing
species.

Rothenberg (22) has investigated the specific surface area
(SSA) exhibited by fly ashes using nitrogen as an adsorbate and
calculated by the method developed by Brunnauer, Emmet, and Teller.
Ashes resulting from Stoker fired power plants showed greater SSA
compared to pulverized coal power plants. Also a Montana sub-
bituminous and a Texas lignite ash resulting from a fixed bed
combustor exhibited values of SSA of 3.7 to 10.5 mz/g for subbitumin-
ous and 12.8 to 20.4 m2/g for lignite. Sulfur retention was .
slightly greater for the subbituminous ash due primarily to the fact
that (1) the calcium content was 2.75 times greater and (2) fixed

bed combustors operate at temperatures substantially less than the
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fusion temperature of fly ash. This reduced operating temperature
produces an ash with considerable pore volume, as shown by scanning
electron microscope, thus permitting physical and/or chemical
sorption of the calcium with sulfur.

Fiedler (23) indicated sulfur retention was linked to the
metal oxide content of fly ash by analysis of up to 165 fly ash
samples. The best coefficients (R2) were observed for those fly ash
samples burned in the same type of combustion system. Improvement
in the R2 value from 0.62 to 0.92 was found when mechanical collector
data was removed. A possible explanation lies in the changes in
particle size distribution that occur in mechanical collectors which
may result in larger particles and less condensed sulfur present.
The alkaline metal oxide components investigated by Fiedler (14)
included Ca0, Nap0, Mg0, and K20. The sulfur retained by fly ash
had 1ittle correlation with the K0 content of the ash. The magnitude
of the data scatter eliminated any trends. The Mg0 content of the
ash did show a contribution to sulfur retention, however, no
improvement was found with the removal of mechanical collector data.
The Ca0 and Na20 content of the ash seemed to be the controlling
factors in sulfur retention. Either one considered alone appeared
to produce a reasonable correlation. However, the combination of

these two metal oxides produced a dramatic improvement in data

correlation. Figure II-1 is a plot of sulfur retention as a
function of alkaline metal oxides (expressed as g Ca0/100 g fly ash)

for all data points. Figure II-2 contains only the pulverized
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coal-fired fly ashes. The first and second order linear equations

developed by Fiedler (23) are:

%S retained = 9.09 x 1072 X - 0.197 RZ = 0.924 (Eq. 5)

1.72 x 103 X2 + 1.77 x 102 X + 0.127

%S retained
RZ = 0.958 (Eq. 6)

The fly ashes examined by Fiedler (23) showed the level of
alkalinity to vary from 2-40 g as Ca0/100 g fly ash. These data
suggest that certain ashes still have the potential for even greater
sulfur retention.

Ness and Selle (24) have studied the effect of leaching calcium
oxide from North Dakota lignite fly ashes. Utilizing a fly ash-water
slurry in batch leach tests indicated an increase in the amount of
calcium oxide in solution as pH was decreased. Available calcium
oxide in the slurry ranged from 10 to 40 percent at pH 7 for three
different ashes (Figure II-3). Diversity in chemical composition and
combustion of the original coal are the most plausible explanation
for this wide range.

This ability to produce significant levels of alkalinity in
a fly ash slurry suggests potential application for SO2 removal in
spray dryer/fabric filter systems. It has been shown by Davis (25)
that SO2 removal efficiencies of 10-30 percent across a fabric filter

can be achieved due to the presence of a fly ash cake on the filter.
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CHAPTER III

EXPERIMENTAL DESIGN

Approach

The purpose of this research effort, as stated earlier was to
jdentify the potential reactivity of various types of fly ash and
thus determine their capability for S02 removal. The ashes tested
originated from three different rank coals: bituminous, subbituminous,
and lignite. Significant variability in physical and chemical char-
acteristics was insured by obtaining the ashes from different coal-

bearing regions in the United States (Table III-1).

Description of the Test Facility

The spray dryer/fabric filter pilot plant was installed on a
Riley spreader-stoker coal-fired boiler at The University of
Tennessee, Knoxville, steam plant. A slipstream of flue gas with a
nominal flow of 1,000 acfm, taken from the main ductwork, enters the
system which consists of a spray dryer with a spinning disc atomizer
followed by a fabric filter collector. The slipstream is pulled
through the pilot system by an induced-draft fan. A layout of the
system is shown in Figure III-1.

The ductwork leading to the spray dryer contains ports for
the injection of ambient air and SO». Other ports labeled one, two
and three, respectively, enable the monitoring of temperature, static

pressure, and S02 concentration (Figure III-2).

18



19

*SUOLILPUOD UOLISNQUOD JUIUILLLP

Wy PIILNSAA UOE3IONPOAd A1BYF ABABMOY 3IIUNOS AWES BY} WOy PIULLIQO 3U3M Sayse A|4 3saylq

*43qUNU UOLIBDLJLIUIP] = "ON "O°Ie

L8O UJ3]SeD ANY NS MO|

snoujuny tq

u0y}eIS Weas [[eYsJey 05

juetqd wealsg

A¥onuay uaajsea snoutuny iq 995S3UUIY JO A LSUdALUN 6t
821A43S 31| QNgd Ofuojuy ueg
BuwohkM “auly oudpa0) snoujuing Lqqns $324N0S3Y 434 | UOY 9¥
euejuol ‘dLua3siol uojjels |Lamsog Ae{)
aut Ays 61g snouLuny Lqqns *0) 3yb617 pue usmogq eJOSBUULY qSt
ejodeq YiuoN ‘yegnag Z2# 3tun uoilels ayeq 3004
'0) Buputy [e0) 43ALY 34iuy a31ubyy Jamod |1e] 43330 vy
Auedwo) ybi7 pue
BulwoAM - Bull NepolM snouLuny 1qqns 43M04 SLLIH ¥oeld £y
e30%0(Q Y140N *poomi3pun *D0SSY JBMO4 3ALjedddoo)
UKW A1 Led a31uby)| “J0SSy JaMogd pajlun 144
BI0NRQ YIJHON “U31UD) L 3tun 433ul)
UL URUOON-[Ojueg apuby uo13e3s bunos "y UOILLW Ly
eI0XeQ YILON ‘uojuels L 3tup - 3At3eaadoo)
*0) |e0) pajepL|osuo) a31ubyL 43M0d 143093 ulseg J8¢
QUL 043pJ0) snouLWN) $4qgns uo13e]s JBALY Itweae 98¢
BuwoAm 333131 t9 aedu *0) 321AJIS J|{QNd UUI]SIMYINOS
ULl 43punyy ydelg snoutwny 4 qqns ruot3e}s uojbupaaey LE
aupw dra3s opyo snouwnjLq abuaoy - wosip3 oLyo 9€
9# WEAS ‘SLOUL|[] u43YylNOS snoujuny tq Z# JuR|d 43M04 PLIPEN MAN ¥t
umoug 618
A3uno) 3u03SIILY 3 uby| *0) Burzeaauay s$3LIL|LIN Sexa] 12
pURLPU] JO 3ILAUDS D1{qng
4 1Yyshay xewy snoujwny 1q 11 uot3els aaybefiey be
3do|S u433S5aM Ope.L0|0) snouiuny 1q i 994043Y) g2
yean ‘Ajuno) Aaswl - auiy 6uaqiM snouLwny 1q jue|d weals J3uny 81
jueld Nepoiy
UL NepOAM - SIIUNOSIY NepOAM snouLwny pqqns 34617 pue aamogd d1j1oed v8l
BujpwoApM *A3uno) | |aqdue) uo0{3eIS URWBIUIY P|eU3Y
UL A3puUny| oelg snouLWNg LQgns uQl1e)S J3MO4 O} |IGNd eYSPUgaN ¥l
euejuol dra3s|o) - auly Ays 6ig Snouwny Lqgns ¥ 31un (LdmMsog Aet) £l
A¥ONJuUY UJIIISEI snoujwny 1q juejd weals uamog qot
|P0D UJILSE3 ANY|NS MO snoujuny1q uoLIRIS WE3S ¥3IU) SMI|ag 9
324N0S (93ewixoaddy) upbrag jo jue|d Jaamod e ON ‘0°1
L3ng jo adAj usy A4

‘pajebrysaaul sayse A4 ayq 40 uibrag

“L-11T @l1qel



20

MO|J seb jo uoLldauLQ -
Jadwep [0J43U0D 3JRUMOL} Sey -
aje[d ddL414Q -

340d qing 33M -

340d sunjedaduws| -

3J40d sunssauad oLjels -

340d bButuaozLuow 2QS
uoryoalfur yse A4

3J40d Jpe uoLinyig

uoL3oalul ¢ps aund -
uey o]
a
d0 <+
€ 3404

M

1 —

QI

oS

ALy
1¢0s

*o13ewayos jue|d 30(14

915SeM

1\

sse

seb an|4

“L-III 84nbly

a1sem

400(]




Figure III-2.

Port I--Inlet to spray dryer.
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Once the desired inlet SO, concentration and temperature is
achieved the flue gas then proceeds to the spray dryer inlet where
it encounters the atomization machinery. Atomization is accomplished
by a 13.5 KVA solid state frequency inverter, a Stork-Bowen high
speed AA-6 Spray Machine and a centrifugal atomizer. The frequency
inverter steps up the "house current" from 60 hertz to the required
frequency and delivers this power to the spray machine (Figure III-3).
Attached to the spray machine is a specially designed dynamically
balanced atomizer (Figure III-4). The fly ash and water slurry passes
from the pumping system through the spray machine housing into the
atomizer. Rotating at a high speed, the disc atomizes and dis-
tributes the slurry as a uniform, fine mist into the hot flue gas
entering the drying chamber.

Flue gas exiting the boiler enters the drying chamber throuéh
a set of vanes concentric with the spray machine (Figure III-5).
These vanes impart an angular downward swirling motion to the air.
The rotation of the swirling air is opposite to that of the feed
leaving the atomizer thus insuring intimate mixing of the hot air
and the fine particulate mist.

The drying chamber is a 7 foot diameter vessel with a
standard conical bottom which contains a rotary valve for the
removal of the spray dryer product (Figure III-6).

The particulate-laden gas stream upon leaving the spray dryer
enters the fabric filter collector. This collector removes from the

flue gas both the unsettled fly ash-SOp product and any other type



Figure III-3.

Stork-Bowen spray machine.
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Figure III-4. Centrifugal atomizer.



Figure III-5. Spray dryer inlet vanes.
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Spray dryer unit.

Figure III-6.
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boiler ash contained in the stream. The bag house consists of one
filtration compartment containing four 32 ft x 12 inch fiberglass
bags (14.5 0z/sq yd). A low energy shaker mechanism is used to
clean the bags. It is operated manually at the completion or prior
to a test. While in the automatic mode which is used at the end of
the day, cleaning occurs once per hour. A rotary valve located
beneath the hopper facilitates the removal of the settled out dust
(see Figure III-7 for photograph of complete system).

The operation of the spray dryer/bag house facility is from a
central control room located about 40 feet from the facility (Figure
I11-8). The control room contains a panel for the control of
atomizer rpm and other devices for the monitoring of the system
flow rate and slurry feed rate. Also, monitored in the control
room are the following:

1. SO concentration (3 ports) Lear-Siegler SM800

2. Temperature (thermocouples)

a. Inlet/outlet spray dryer

b. Inlet bag house ‘
c. Ambient temperature

d. Slurry feed temperature

3. Slurry feed rate

4. Concentration of additive (i.e., fly ash percent)

5. Static pressure inlet/outlet of spray dryer/bag house

When the desired range of SO2 concentration is not achieved,

a manually controlled supplemental SO2 injection system is used.
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Figure III-7. Spray dryer/fabric filter pilot facility.
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Control room.

Figure III-8.
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This system is located about 80 feet upstream of the spray dryer to
allow for sufficient mixing.

Inlet temperature control is maintained by a manually operated
ambient air dilution damper located upstream of the S02 injection
port.

Monitoring of SO2 is accomplished by extracting samples
through heated trace Tines into the control room where the flue gas
sample is drawn through the sampling cell of a Lear-Siegler SM800.
The concentration of SO2 is measured on a wet basis by this
instrument. A dry basis concentration is calculated later after
the moisture content is determined.

The shed housing the control room (10 ft x 24 ft) is divided
into two equal sections, one section housing the office/control
room, the other housing the feed mixing tanks and transfer tank.
Figure I1I-9 shows the three tanks, however, only the two on the
right were necessary for the preparation of the fly ash and water

slurry. Figure II-10 is a photograph of the final transfer tank.



Slurry preparation tanks.

Figure TII-9.




Figure III-10.

Final transfer tank.
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CHAPTER IV

RESULTS AND DISCUSSION

Results of Laboratory Analyses

Each fly ash was analyzed, prior to testing at the spray dryer/
fabric filter facility, to determine both its physical and chemical
characteristics. Table IV-1 shows the properties measured and the
instruments that were used. A summary of these results can be found
in Table IV-2. Chemical analyses conducted for total alkalinity,
calcium and sodium content, pH, and total hardness yielded informa-
tion regarding the behavior of fly ash in a water based slurry (26).
These analyses were conducted at a temperature of 140°F and a fly ash
concentration of 1.25 pounds per gallon of water. These conditions
were chosen in order to simulate slurry preparation at the spray
dryer facility. Table IV-3 contains the results of this testing for
each of the fly ashes.

In addition, laboratory preparation of the fly ashes,
according to ASTM procedures (27), followed by analysis with an
atomic absorption spectrometer determined the levels of calcium
oxide (Ca0), sodium oxide (Na20), magnesium oxide (Mg0), and
potassium oxide (Ko0). An estimate of total available alkaline metal
oxides (TAMO-S) was then determined by a weighting scheme (see
Equation 7). The metal oxides were summed on a molar basis less the

amount that had reacted with sulfur after combustion. This sulfur
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Table IV-1. Fly ash characteristics.

Physical Property Measuring Instrumentd
Particle Size Distribution Coulter Counter Model Tall
Particle Density Micromeritics Model 1302 Helium-Air
Pycnometer
Sulfur Content Fisher Total Sulfur Analyzer
Surface Area Micromeritics Surface Area Analyzer

aA brief description of each instrument can be found 1in
Appendix A.
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Table IV-3. Fly ash slurry data summary.?

A1ka11nity,b Ca, Na. Total Hardness,
1.D. No. pH mg/1 as CaC03 mg/1 mg/1 mg/1 as Ca

6 5.2 200 472 40 547
10 6.7 500 265 26
13 11.2 3800 962 48 1094
14 11.0 2500 132 200 210
18A 10.6 1200 130 54 160
188 11.2 3400 849 88 1000
23B 11.3 1800 264 51 340
24 11.4 2900 1151 91 1208
27 10.3 1700 415 300 547
34 4.4 0 604 300 717
36 10.5 1400 245 49 283
37 11.3 1800 85 200 170
388 11.2 1500 123 54 245
38C 10.8 1600 274 4200 368
41 10.7 1100 321 8000 396
42 11.4 3700 887 62 981
43 10.9 2100 179 75 274
44c 10.9 1300 340 8200 396
44M 10.9 2100 302 8500 472
45 10.7 1600 302 58 396
46 10.9 1600 128 100 170
49 3.6 0 175 150
50 4.8 0 321 52 358

8The slurry parameters shown in this table were obtained
by analysis of the filtered supernatant.

bAtkalinity is an indirect estimate of the soluble cations
by measurement of the hydroxide (OH), carbonate (C03), and
bicarbonate (HCO3) species.

CThis ash was obtained by grinding fly ash number 44 in
a ball mill.
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retained in either sulfite or sulfate forms was measured, upon
receipt of the ash, by a Fisher Total Sulfur Analyzer (see
Appendix A).

TAMO-S, g moles/100 g = g Ca0/100 g + g Nap0/100 g +
56.1 g/g mole 62.0 g/g mole

g Mg0/100 g + g K20/100 g - g S/100 g
40.3 g/g mole 94.2 g/g mole 32.1 g/g mole

This approach is similar to those used by References (12, 23) for
predicting the effect of fly ash alkalinity on SO2 removal and also
sulfur retention in fly ash. Table IV-4 contains both the percent of
each compound in the ash (wet basis) and the estimate of total
alkalinity for each fly ash investigated at the pilot plant.

Fly ash testing, at the spray dryer facility, was initiated
by the production of a slurry in the mixing tanks described earlier.
This was accomplished by mixing a predetermined mass of fly ash into
a known quantity of water with sufficient time (greater than 30
minutes) to allow the soluble metal oxides to disperse within the
slurry. Figures IV-1 and IV-2 are typical examples of the dissolu-
tion kinetics exhibited by fly ash. Such information was used to
determine the required duration of mixing and the effect of slurry
preparation temperature. After mixing, the slurry was pumped to
the final dilution tank where it awaited final transfer into the
spray dryer. Prior to and during the slurry production procedure,
the following conditions were maintained for all fly ashes tested at

the spray dryer/fabric filter facility:



Table IV-4. Fly ash mineral analysis summary.

Fly Ash |

I.D. No. %S %Ca0 %Na20 %Mg0  %K20 TAMO-Sa
6 0.43 7.79 10.71 0.97 2.53 0.35
10 0.32 5.44 9.42 0.91 2.36 0.29
13 0.49 13.96 10.96 2.79 1.79 0.50
14 0.73 22.91 10.96 3.49 1.29 0.65
18A 0.70 18.96 10.78 3.79 1.50 0.60
188 0.45 9.72 10.89 2.14 1.94 0.41
238 1.87 7.88 10.25 1.18 1.68 0.35
24 1.22 8.60 9.94 1.91 0.76 0.31
27 0.66 14.99 11.19 2.40 1.70 0.50
34 1.04 6.76 11.79 0.97 2.90 0.33
36 0.36 0.98 12.69 0.39 5.56 0.28
37 0.78 24.95 10.98 3.59 1.00 0.70
388 0.72 21.81 13.48 2.97 1.29 0.67
38C 0.00 13.95 35.88 5.58 3.69 1.01
41 4.06 18.01 16.68 3.98 1.52 0.58
42 1.02 18.96 10.97 3.79 1.90 0.60
43 0.66 6.97 10.76 1.00 2.49 0.33
44 0.75 23.80 17.71 4.57 1.14 0.81
44M 0.75 23.80 17.71 4,57 1.14 0.81
45 0.68 11.63 10.66 2.71 1.45 0.44
46 0.75 28.90 14.94 3.98 1.39 0.84
49 2.19 4.02 - 6.97 0.94 1.94 0.16
50 0.41 5.75 12.47 1.44 2.78 0.36

aTAMO-S can be obtained from (Eq. 7) whereas total alkaline
metal oxides are solely a measure of the Ca0, Na20, Mg0, and K20
content of the ash.
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1. Inlet temperature range (300 f 10°F)

2. Inlet SO concentration {600 - 800 ppm)

3. Gas volumetric flow rate (1,000 acfm)

4. Slurry preparation temperature (130 - 140°F)

5. Slurry concentration (1.45 1bs fly ash/gallon H70)
6. Temperature at port two (20°F above dew point)

7. Atomizer disc speed (17,000 rpm)

Results of Spray Dryer/Fabric Filter Testing

The total amount of SO02 removed by the system, spray dryer
plus bag house, was determined from inlet and outlet mass flow rates
of S02 by the following relationship:

MS02(1) - MSO02 (3) x 453.6 g x min
64.04 1bs/1b mole 1b 60 sec

(Eq. 8)

= g moles SO2 removed
sec

where

MSO2 (1) = mass flow SO at port 1 (1bs/min)

MSO2 (3) = mass flow SO2 at port 3 (1bs/min)
By defining the quantity of S02 removed in this manner, the existence
of any significant correlation with alkaline metal oxide content of
the ash (also expressed in g moles/sec, see calculations in
Appendix B) could be identified.

The percent efficiency of S02 removal was determined by

Equation 9. Concentration data were obtained as follows: (1) the

inlet value was measured by the analyzer, (2) an average concentration
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at the outlet was achieved by allowing the analyzer to purge to a
stable value and re-enumerate the level of S0 in the gas

stream, (3) the inlet was verified with the value obtained in

Step (1) and if necessary averaged. The inlet and outlet concentra-
tions were measured at ports one, two, and three, located as shown

in the schematic in Figure III-1, page 20.

% S0p efficiency = {1 - Cout |x 100% (Eq. 9)
Cin
where
Cout = outlet gas concentration (ppm)*

Cin inlet gas concentration (ppm)*

Table IV-5 contains the efficiency data for both the spray dryer and
bag house in addition to the net SOp removal achieved by the complete
system,

Two important checks were conducted on the system during the
course of this investigation to minimize the errors involved. First,
SO2 balances were conducted at test conditions by measuring concen-
tr&tions at all three ports without any fly ash injection. A 4
percent reduction in the level of SO, was observed at the system's
outlet and was thus accounted for in all calculations. Secondly,
water injection (no fly ash), via the spinning disk atomizer,

produced a 2 percent SOp efficiency which was subtracted from both

the total system efficiency and the molar SO2 removal rate.
Finally, statistical analyses performed on both the laboratory

and the spray dryer data were done using the statistical analysis

*On a dry basis (see Appendix B).



Table IV-5. SO, removal efficiency by a fly ash slurry.

Fly Ash
1.D. No. EFFSD EFFBH EFFSYS
6 0 4 1
10 10 -2 7
13 5 14 17
14 33 -2 30
18A 20 2 21
188 24 -1 23
23B 2 0 2
24 5 1 6
27 1 4 5
34 4 2 6
36 0 -1 0
37 25 1 26
38B 17 1 26
38C 11 5 15
41 17 5 21
42 8 1 9
43 21 6 26
44 15 1 16
44M 15 38 46
45 11 15 24
46 12 1 13
49 11 21 29
50 0 1 1
aEFFSD = Efficiency of spray dryer.

bEFFBH

Efficiency of bag house.

CEFFSYS = Efficiency of system corrected for water effect.
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system developed by SAS Inc. (28). The routines used included PLOT
(a data plotting routine), RSQUARE (an all possible regressions
routine) and GLM (a general linear models procedure). The calcula-
tions performed on both sets of data to obtain the desired units

for statistical correlation purposes are detailed in Appendix B.

Effect of Fly Ash Properties on S02 Removal

The ability of fly ash to remove SO7 in a spray dryer system
was confirmed by the percent efficiencies shown in Table IV-5.
However, attempts to develop linear relationships between S02
removal, in g moles/sec, and the laboratory data obtained on each
ash, also expressed in g moles/sec, yielded extremely poor correla-
tions. Table IV-6 contains the correlation coefficients, RZ, for
the first order models based on both fly ash and fly ash slurry
analyses. Figure IV-3 shows the inability of total available
alkaline metals injected, via the fly ash slurry, to remove the
level of SO2 that theoretical utilization would suggest. Additional
plots of the laboratory data versus S02 removal rates can be found
in Appendix C.

A possible Timiting factor in the reaction of S0, with
alkaline metal oxides is the inability of these compounds within the
ash to dissolve into the slurry. Figure IV-4 documents this effect
for calcium contained in the fly ash. A similar problem has
developed as a result of new control strategies for sulfuric acid
produced by the oxidation of pyrite, FeSp, in acid mine waters

(29). One approach under investigation for elimination of excess



Table IV-6. Summary of regression equation coefficients and
correlation coefficients.

Fws'Ag:es Coefficient Term@
S0» Removed vs. in Model 0 1 R2
TAMO-S 23 4.84 x 10-2 0.001 0.08
Lignite ash 6 3.17 x 10-4 0.063  0.06
Subbituminous ash 8 2.50 x 10-3 -0.044 0.14
Bituminous ash 9 2.91 x 10-3 -0.270 0.30
Slurry Alkalinity 23 1.08 x 10-3 1.012  0.03
Lignite ash 6 2.13 x 1003 -2.014  0.05
Subbituminous ash 8 2.27 x 10-3 -1.440 0.13
Bituminous ash 9 5.75 x 10-4 0.908 0.04
Slurry Calcium 23 1.70 x 10-3  -2.600  0.09
Lignite ash 6 2.74 x 10-3 -7.429 0.26
Subbi tuminous ash 8 2.07 x 10-3 -2.336 0.27
Bituminous ash 9 5.53 x 10-4 0.959  0.02
STurry Sodium 23 1.14 x 10-3 0.215  0.16
Lignite ash 6 3.34 x 10-4 0.379  0.61
Subbituminous ash 8 1.55 x 10-3 4.929 0.14
Bituminous ash 9 5.79 x 10-4 2.318 0.03
Slurry (Calcium +
Sodium) 23 1.14 x 10-3 0.430 0.16
Lignite ash 6 3.34 x 10-4 0.758 0.61
Subbituminous ash 8 1.55 x 10-3 9.859  0.14
Bituminous ash 9 5.79 x 10-4 4.637 0.03
Slurry Total Hardness 23 1.68 x 10-3  -1.980 0.06
Lignite ash 6 -6.049 0.003 0.18
Subbituminous ash 8 2.09 x 10-3 -1.971 0.22
Bituminous ash 9 -2.84 x 10- 3.453 0.40



Table IV-6 (Continued)

No. of .
Fly Ashes Coefficient Termd
S02 Removed vs. in Model 0 1 R2
Slurry (Total Hard-
ness + Sodium) 3 1.05 x 10-3 0.413  0.16
Lignite ash 6 7.19 x 10-° 0.818  0.64
Subbituminous ash 8 2.14 x 10-3 -1.900 0.18
Bituminous ash 9 -2.23 x 10-4 2.806  0.33
Surface Area 3 1.856 0.143 0.28
Lignite ash 6 0.268 0.620 0.85
Subbituminous ash 8 2.801 0.088 0.08
Bituminous ash 9 0.697 0.158 0.73

aCoefficient terms of the form:
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acidity involves the use of carbonate rocks, e.g., limestone. How-
ever, a difficulty encountered in neutralizing the iron-rich

waters is the precipitation of insoluble ferric hydroxide on
reacting surfaces. This armoring effect prevents further reaction
of the limestone with the acid, and the neutralization reaction
stops after a short time. Similarly, the elemental sulfur retained
by the fly ash after combustion in various sulfite and sulfate
forms may be providing an impermeable barrier to further reaction
with SO2. If this is true, destruction of such a barrier should
increase the reaction potential of the ash. For the case of
carbonate rocks, Barnes (29) suggests the problem of armoring can
be minimized by grinding and stirring during reaction.

In order to determine whether grinding fly ash could increase
its SO reaction potential, a ball mill was used. A highly alkaline
fly ash, number 44, which had demonstrated 16 percent system
efficiency was ground and retested at the spray dryer facility as
ash number 44M. A significant increase to 46 percent efficiency
was observed with this ash. Also, laboratory analyses of this ash
(44M) showed a 62 percent increase in slurry alkalinity and a 17
percent increase in surface area.

The importance of fly ash surface area was demonstrated by
the lignite and bituminous fly ashes in particular. The specific
surface area measured in square meters per gram was expressed in
terms of square meters per second of fly ash injected and correlated

with SO2 removal in g moles per second (Table IV-6). The resulting



correlation coefficients were, RZ = 0.85, for the lignite ashes

and RZ = 0.73 for the bituminous ashes. It was also shown, in one
instance, that a fly ash, number 49, with considerable surface area
(12.5 mz/g) but negligible alkaline metal content removed nearly
30 percent S02. This large amount of surface area was due primarily
to rather incomplete combustion within the stoker-fired boiler; thus
producing an ash with a high carbon content. Consequently, physical
adsorption of the S02 in the internal pores was considered to be the
mechanism responsible for this removal.

It is evident from the data that the reactivity of a fly ash
slurry can be influenced by physical and/or chemical parameters.
The effect of ball milling, mentioned earlier, does increase the
surface area (a parameter which demonstrated a high degree of
correlation with SO2 removal). Slurry alkalinity was also increased
by this procedure. In addition, all fly ash slurry testing at the
spray dryer facility used the same mass of fly ash in water.
Determination of this quantity was based both on the combustion
conditions maintained at the boiler and gas flow rate through the
system. The mass concentration of the slurry was 1.45 pounds of
fly ash per gallon of water (approximately 3 grains/actual cubic
feet of flue gas). However, if the ash concentration was to be
increased to 5 or even 10 pounds per gallon, a significantly greater
efficiency improvement might be produced. Consequently, further

study is needed to determine the optimum fly ash-water mixture.



Predicting SO2 Removal by Total Sulfur Retention

It was discussed earlier in Chapter Il that various sorbents
containing one or all of the alkaline metal oxide compounds (Ca0,
Nap0, Mg0 and K20) have demonstrated success in the removal of S02.
These metals have been suggested as the primary constituents that
occur in the formation of sulfate or sulfite end products (2, 3).
Fiedler (23) used this information to quantify the ability of fly
ash to retain sulfur in the boiler after the coal was burned.
Figure IV-5 shows the curve developed by Fiedler (23) with the fly
ashes used in this study plotted in the same manner. The sulfur
retained after combustion was measured once the ashes were received
from the utilities using a Fisher Total Sulfur Analyzer (Appendix A).
However, the ashes of this investigation exhibited less sulfur
retention than one would expect from the best fit line based on
alkaline metal content. This indicates that the curve by Fiedler
(23) may be demonstrating the upper 1imit for sulfur retention by
higher alkaline metal content fly ashes.

It was this concept that provided the basis for the modeling
of total sulfur retention. Expressing the amount of SO2 removed, by
the spray dryer/fabric filter system, as grams of sulfur retained
per 100 grams of ash and summing that with the quantity of sulfur
retained after combustion (see Table IV-4, page 38) determined the

total sulfur retained.
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g Total Sulfur Retained =

100 g of Fly Ash

MSOo (1) - MSO2 (3) x 100 + %S (Eq. 9)
K x GPM

where

K =1.45 1bs fly ash x 64 1bs S02/1b mole
gallon H20 32 1bs 5/1b mole

GPM = slurry feed rate (gallons/min)

%S = sulfur retained after combustion (g/100 g fly ash)
Table IV-7 contains the sulfur retention data as received and for
the fly ash slurry injected into the system.

This new dependent variable, total sulfur retention, in
conjunction with the concept described by Barnes (29), provided
a new modeling approach. It was hypothesized that armoring of the
slurried fly ash was limiting its reaction potential. Thus high
alkalinity fly ashes did not necessarily produce highly alkaline
slurries. Instead, reaction potential might be due to the slurry
alkalinity as governed by the surface area of the ash.

To substantiate this theory, both surface area and slurry
alkalinity were used as independent variables in this model to
predict total sulfur retention. The resulting statistics showed
correlation coefficients of 0.90 for the lignite and bituminous
fly ashes. The subbituminous fly ash showed virtually no correlation
with sulfur retention (RZ = 0.11). Table IV-8 contains the
regression summary for the lignite and bituminous fly ashes. It is

evident from the level of significance that both surface area and




Table IV-7.

Sulfur retention by fly ash.

Sulfur Retained

Sulfur Retained

Total Sulfur

Fly Ash by Boiler by System Retention
1.D. No. g/100g Fly Ash g/100g Fly Ash g/100g Fly Ash
Lignite

27 0.66 0.35 1.01
38C 0.00 1.33 1.33
41 4.06 2.23 6.29
42 1.03 0.88 1.91
44 0.75 1.81 2.56
44M 0.75 4.61 5.36
Subbi tuminous
13 0.49 1.44 1.93
14 0.73 3.35 4.08
18A 0.70 2.46 3.16
37 0.78 2.76 3.54
38B 0.72 2.87 3.59
43 0.66 2.89 3.55
45 0.68 2.48 3.16
46 0.75 1.21 1.96
Bituminous
6 0.43 0.11 0.54
10 0.32 0.53 0.85
188 0.45 2.95 3.40
23B 1.87 0.15 2.02
24 1.22 1.05 2.27
34 1.04 0.49 1.53
36 0.36 0.00 0.36
49 2.19 3.12 5.31
50 0.41 0.25 0.66




Table IV-8. Multiple regression summary intercept model.

Independent Regression Standard T Significance

Variable Coefficient Errord Valueb LevelC

Lignite Model

Intercept - 1.906 1.591 -1.20 68%
SA 0.019 0.004 4.84 98%
ALKAL 129.187 81.172 1.59 79%

Bituminous Model

Intercept 0.070 0.344 0.20 15.5%
SA 0.004 0.001 7.1 100%

ALKAL 74.464 24.544 3.03 98%

aStandard Error = Square root of the estimated variance of
the regression coefficient.

bT-Value = Regression Coefficient # Standard Error.

CSignificance Level = 1 - a, with a = the probability of
rejecting the existence of a relation when one exists.
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slurry alkalinity are critical to the models. However, the contribu-

cance. Consequently, when the equations were forced through a zero
intercept, a dramatic improvement in the correlation efficient resulted.
Values of RZ of 0.96, 0.95, and 0.89 for bituminous, lignite, and
subbituminous ashes, respectively, were calculated. Placing all 23
fly ashes into one model yielded an RZ of 0.82. Equations 10-13

shown below are the resulting models for total sulfur retention both

|

1

|

| tion of the intercept to the models exhibited only minimal signifi-
independent and dependent of fly ash rank.

TSR = 0.005 (SA) + 121.137 (ALKAL) (Eq. 10)
TSB = 0.004 (SA) + 77.692 (ALKAL) (Eq. 11)
TSL = 0.015 (SA) + 41.043 (ALKAL) (Eq. 12)
TSSB = 0.009 (SA) + 117.516 (ALKAL) (Eq. 13)
where
TSR = total sulfur retention by fly ash (g/100 g ash)
TSB = total sulfur retention by bituminous fly ash
(g/100 g ash)
TSL = total sulfur retention by lignite fly ash (g/100 g ash)
TSSB = total sulfur retention by subbituminous fly ash
(g/100 g ash)
SA = surface area of fly ash (m2/100 g ash)
ALKAL = slurry alkalinity (g moles/100 g ash)

The summary of regression statistics for the modeling equations are

contained in Table IV-9,



Table IV-9. Multiple regression summary zero-intercept model.

Independent Regression Standard T Significance
Variable Coefficient Errord Valueb LevelC
Complete Model
SA 0.005 0.001 5.40 100%
ALKAL 121.137 24,026 5.04 100%
Bituminous Model
SA 0.004 0.0004 9.92 100%
ALKAL 77 .692 17.443 4.45 100%
Lignite Model
SA 0.015 6.33 6.33 100%
ALKAL 41.043 1.14 1.14 68%
Subbituminous Model
SA 0.009 0.004 2.57 96%
ALKAL 117.516 42.713 2.75 97%

aStandard Error = Square root of the estimated variance of

the regression coefficient.

bT-vValue = Regression Coefficient + Standard Error.

CSignificance Level = 1 - a, with a =

rejecting the existence of a relation when one exists.

the probability of
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Both the T-values and the correlation coefficients for these
modeling equations confirm their validity. However, to advocate
modeling total sulfur retention dependent on fly ash rank
incorporates several risks. For example, the reduction in sample
size for each of the 3 rank specific models provides a greater chance
for error. Also, the variability in slurry alkalinity, determined
from the filtered substrate, within the bituminous rank ashes
indicates a weakness in the scheme for coal classification. Hence,
improperly ranked ashes may yield an inaccurate estimate of total
sulfur retention. It is recommended that the complete fly ash model

based on 23 ashes be used to minimize these risks.



below:

CHAPTER V

CONCLUSION

The major conclusions of this research effort are summarized

It was demonstrated that SOp efficiencies of 30 percent
can be attained by a fly ash water slurry (at 1.45 1bs.
ash/gal]dn) in a spray dryer/fabric filter system.

The high levels of total alkaline metal oxides, contained
in several of the fly ashes tested, were not a reliable
predictor of SO2 removal efficiency alone. Laboratory
analysis of the 23 fly ashes show an inability of metal
oxides to dissolve in the slurry thereby limiting
reaction with SO2.

Grinding fly ash number 44 in a ball mill produced an

ash (44M) that when slurried and injected into the flue
gas increased the S02 removal 156 percent. Ash number
44M showed a 17 percent increase in surface area in
addition to a 62 percent enhancement in the alkalinity

of the slurry.

Calculating the amount of SO removed as grams of sulfur
retained per 100 grams of fly ash and adding the percent
sulfur in the ash after combustion produced an estimate
of total sulfur retention. Four modeling equations using
fly ash surface area and slurry alkalinity were produced
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based on this concept. A complete model (using all of
the ashes collected for this study) for fly ash total
sulfur retention yielded an RZ of 0.82. Separating the
fly ashes by rank bituminous, lignite, and subbituminous

yielded RZ values of 0.96, 0.95, and 0.89, respectively.



CHAPTER VI

RECOMMENDATIONS FOR ADDITIONAL RESEARCH

The potential of fly ash as a sorbent in spray dryer systems
was shown to be significant for SO removal. Further investigations
to more clearly define and increase the range of application are
suggested below:

1. The optimum fly ash slurry concentration for SO» removal

in a spray dryer should be determined.

2. Extraction methods for increasing the alkalinity of the
fly ash slurry need to be developed to increase the
reaction potential of the slurry.

3. Further studies documenting the advantages of grinding
the fly ash in a ball mill and thus producing correspond-
ing increases in S02 removal.

4. Development and study of high surface area sorbents and
their potential contribution to traditional Time based

slurries.
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APPENDIX A

INSTRUMENTATION

Listed below is a brief description regarding operation of
instruments used in this study that were not discussed in Chapter II.

1. Coulter Counter Model Tall--The Coulter Counter was used
to determine particle size distributions for the fly ash used in this
study. A suspension of ash in electrolyte was forced through a
charged apperture. Particles passing through the apperture increase
the resistance between the electrode immersed in the conductive fluid
and the apperture. Resulting current pulse heights are scaled and
counted thereby determining a quantity proportional to the particle
volume. With this information, the analyzer delineates the size
distribution.

2. Helium-Air Pycnometer Model 1302/1303--The pycnometer uses
pressure and volume relationships for pure gases to determine the
volume of solids in a vessel. The density is then obtained by
dividing the solid's weight, determined separately, by its volume.

3. Fisher Sulfur Analyzer Model 470--The weight percent of
sulfur contained in the fly ash as a result of combustion was
measured. An amperometric titration technique is used by this
analyzer.

4, Surface Area Analyzer--Surface area is measured by
determining the amount of liquid nitrogen necessary to form a single
layer of gas molecules on a solid material.

5. Lear Siegler Model SM800 S02/NO Analyzer--This instrument
was used to monitor S02 concentrations at three ports. The analyzer
enumerates the absorption of ultraviolet light by molecules of SO2
andNO (nitric oxide).

6. Fisher U.S. Signal Corps Mercury Barometer--Local baro-
metric pressure was obtained from this instrument.
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APPENDIX B

CALCULATIONS

In the following relationships, machine notation is used, for
example 1 x 10-6 is expressed as 1E - 6.

1. Vapor Pressure of Water
PWBn = exp (0.027 TWn - 2.006) (Eq. 14)
where |
n = ports 1, 2, and 3 calculated
PWBn = vapor pressure of water (in Hg)
TWn = wet bulb temperature (°F)
2. Static Pressure Determination
PSn = SPn (Eq. 15)
T3.6 + PBAR
where
n = ports 1, 2, and 3 calculated
PSn = static pressure (in Hg)
SPn = static pressure (in H20)
PBAR = barometric pressure (in Hg)
3. Actual Vapor Pressure Exerted by Water in Duct
PWn = PWBn - (PSn - PWBn) (Tn - TWn) (Eq. 16)
2830 - 1.3 Thn
where
n = ports 1, 2, and 3 calculated
PWn = vapor pressure exerted in duct (in Hg)
Tn = duct temperature (°F)
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4. Moisture Fraction

BWn = PWn (Eq. 17)
PSn

where

n = ports 1, 2, and 3 calculated

BWn = moisture fraction in duct

The following constants were determined by system
calibration:

Static Pressure at port 3 = PS3C = 28.59 in Hg.

Orifice Constant = KOR = 1400.00

Temperature at port 3 = T3C = 250°F
5. Gas Flow Through System at Standard Conditions

T4 = PS3C (T3 + 460) (Eq. 18)

PS3 (T3C + 460)
ACFM3 = KOR (T4)1/2 (DELTP)1/2 . (Eq. 19)
TC = 530 (Eq. 20) 1
T3 + 460 |
PC = PS3 (Eq. 21)
29.92
SCFM3 = ACFM3 (TC) (PC) (Eq. 22)

where

T4 = pressure and temperature corrected to standard
conditions

PS3C = pressure at port 3 corrected to standard conditions
(in Hg)

T3C = temperature at port 3 corrected to standard
conditions (°R)

ACFM3 = actual gas flow rate at port 3 (acfm)

DELTP = pressure across orifice (in H20)



TC = temperature corrected to standard conditions (°R)
PC = pressure corrected to standard conditions (in Hg)
SCFM3 = gas flow rate at port 3 at standard conditions (scfm)
6. Gas Flow and Moisture Standard Conditions
SCFM2 = SCFM3 (1- (BW3 + BW2)) (Eq. 23)
SCFM1 = SCFM2 (0.957) (1- (BW2 + BW1)) (Eq. 24)
SCFMIC = SCFM1 + 0.043 (SCFM2) (Eq. 25)
BWIC = (SCFM1 (BW1)) + (0.043 (SCFM2) (0.005)) | (Eq. 26)
SCFMI + 0.043 (SCFM2)
where
SCFM2 = gas flow rate at port 2 at standard conditions (scfm)
SCFM1 = gas flow rate at port 1 at standard conditions (scfm)
SCFMIC = SCFM1 corrected for air leakage into the system (scfm)
BWIC = BW1 corrected for air leakage into the system
7. Temperature Correction
TEMP1C = ((SCFM1 (TEMP1)) + (0.043 (SCFM2) (TAMB))) (Eq. 27)
SCFM1 + 0.043 (SCFM2)
where
TEMP1 = temperature measured at port 1 (°F)
TAMB = ambient temperature (°F)
TEMP1C = TEMP1 corrected for air leakage into the system (°F)
8. SO, Concentration |
SO20NEC = SCFM1 (SO20NE) (Eq. 28)
SCFMIC
where
SO20NEC = SOp concentration at port 1 at standard conditions (ppm)
SO20NE = SO2 concentration measured at port 1 (ppm, wet)



10. Efficiency Determination

1
A
9. S0, Concentration Corrected for Moisture
S0, (1) = SO20NEC (Eq. 29)
1-BW1C
S0p (2) = S02THO (Eq. 30)
1-BW2
S0 (3) = SO2THR (Eq. 31)
1-BW3
where
n = ports 1, 2, and 3 calculated
SOo(n) = SO2 concentration at port indicated (ppm, dry)
S02TWO = SO02 concentration measured at port 2 (ppm, wet)
SO2THR = S02 concentration measured at port 3 (ppm, wet)

EFFSD = S02 (1) - SO2 (2) x 100 (Eq. 32)
S0z (1)
EFFBH = SO (2) - SO2 (3) x 100 (Eq. 33)
S0z (2)
EFFSYS = SO (1) - S02 (3) x 100 (Eq. 34)
S0z (1)
EFFSYSC = EFFSYS - 2.2447 (Eq. 35)
where
EFFSD = efficiency of spray dryer
EFFBH = efficiency of bag house
EFFSYS = efficiency of system
EFFSYSC = efficiency of system minus water effect

11. Temperature Differences

DELTASD = TEMPIC - TEMPZ (Eq. 36)

DELTABH = TEMP2 - TEMP3 (Eq. 37)



where

12.

where

13.

where

14.

where

15.

where

DELTASD = temperature drop across spray dryer (°F)
DELTABH = temperature drop across bag house (°F)
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TEMP2 and TEMP3 = temperature in duct at ports 2 and 3 (°F)

Mass Flow Rate of SO2

MS02 (1) = 2.56E-9 (SO20NE) (SCFMn) (64.04)
MS02 (2) = 2.56E-9 (SO2TWO) (SCFMn) (64.04)
MS02 (3) = 2.56E-9 (SO2THR) (SCFMn) (64.04)
MS02(n) = mass flow rate of SOz (1bs/min)

n=ports 1, 2, and 3
System SOp Removal Minus Water Effect

SOZREMC

((MSOZ (1) - Ms02 (3))}x 7.56 - 2.38E-4
64,04 ]

SO2REMC = SO removed by system (moles/sec)

Approach to Saturation

DELTA = TEMP2 - TW2

n

DELTA

degrees above dew point (°F)
Flue Gas Corrected to Actual Conditions

TACT = 460 + TEMPIC
530

ACFMC = SCFMC (TACT) (29.92)
PSn

(Eq.
(Eq.
(Eq.

(Eq.

(Eq.

38)
39)
40)

. 41)

42)

43)

. 44)



TACT

ACFMC

a

a

ctual gas temperature at port 1 (°F)

ctual gas flow rate through system (acfm)

16. Calculations on Fly Ash Slurry Data

ALKALI
ALKAL
CASLUR
NASLUR
CAINJ
NAINJ
NACA
CANA
THINJ
THNAINJ
where
GPM
ALKALI
ALKAL
ALKALM
CASLUR
CASLURM
NASLUR
NASLURM
CAINJ
NAINJ
NACA

1]

n

ALKALM (GPM) (6.308E-7) (Eq.
ALKALM (6.677E-6) (Eq.
CASLURM (6.677E-4) (Eq.
NASLURM (6.677E-4) (Eq
CASLURM (GPM) (1.57E-6) (Eq.
NASLURM (GPM) (2.74E-6) (Eq.
NASLURM (GPM) (1.37E-6) (Eq.
CAINJ + NACA (Eq.
THM (GPM) (1.57E-6) (Eq.
THINJ + NACA (Eq.

slurry flow rate to spray dryer (gallons/min)
= total alkalinity injected (moles/sec as CaC03)

total alkalinity (moles CaC03/100 g Fly Ash)

total alkalinity measured (mg/L as CaCO3)

calcium in slurry (g Ca/100 g Fly Ash)

calcium in slurry measured (mg/L as Ca)

sodium in slurry (g Na/100 g Fly Ash)

sodium in slurry measured (mg/L as Na)

calcium in slurry injected (moles Ca/sec)

sodium in slurry injected (moles Na/sec)

sodium expressed as calcium (moles Na/sec as Ca)
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CANA = sum of calcium and sodium injected (moles/sec as Ca)
THINJ = total hardness injected (moles/sec as Ca)
THM = total hardness measured (mg/L as Ca)
THNAINJ = total hardness plus sodium injected (moles/sec as Ca)
17. Calculations on Fly Ash ASTM Analysis
TAMO-S = TAMO-S'(GPM)(0.11) (Eq. 55)
where
TAMO-S = total alkaline metals injected (moles/sec)
TAMO-S' = found in Table IV-4, page 38
18. Surface Area Conversion
SAI = SAM (GPM) (10.96) (Eq. 56)
SA = SAM (100) (Eq. 57)
where
SAI = surface area injected (mé/sec)
SAM = specific surface area measured (mz/g)
SA = surface area (m2/100 g fly ash)


https://TAM0-S'{GPM)(0.11
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