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Section 1

SUMMARY

This document 1s the final report for U.S. Department of Energy (DOE) Project
DE AC22 B85PC81009, Desulfurization of Flue Gas by the Confined Zone Diapersion
Process. Bechtel Nationel, Inc. was responsible for carrying out the project
under the direction of the Pittsburgh Energy Technology Center (PETC) of the
DOE.

The Confined Zone Dispersion (CZD) process involves injecting a finely

* atomlzed slurry of reactive lime into the ductwork of a coal-fired utility

boiler. The principle of the confined zone is to form a wet Zone of slurry
droplets in the middle of the duct confined in an envelope of hot gas between
the wet zone and the duct walls. The lime slurry reacts with part of the
sulfur dioxide (soz) in the gas, and the reaction products dry to form solid
particles. An electrostatic precipitator (ESP) downstream from the peoint of
injection captures the reaction products, along with the fly ash entrained in
the flue gas,

The purpose of this project was to prove the CZD processg concept by testing it
on & limited scale, and then demonstrating the process on a large scale. The
scope of work included projecting the cost of commercial implementation.
Specific performance objectives, as defined by DOE for this project, were to

remove 50 percent of the SO, at a total projected cost of less than $500 per

2
ton of SO, removed.

2
The test facllity for the DOE-supported proof-of-concept tests was on a scale
equivalent to & 7 MWe generating plant. These tests were carried out at the
Campbell Station of Consumers Power Company (CPC) in West Olive, Michigan,
using flue gas from the atation's Unit 1. Work on the project bhegan in
September 1985, and the proof-of-concept tests took place between
September 1986 and July 1987.



The large-scele demonstration was made on a scale of 70 MWe in one of the two
flue gas trains of the 140 MW Unit 15 at the Seward Station, Seward,
Pennsylvania, of Pennsylvania Electric Company (PENELEC). This testing was
initially supported by Bechtel, PENELEC, and the Pennsylvania Energy

Development Authority (PEDA). Additional support to extend the testing was

provided by DOE and New England Power Service. The tests that were sponsored
by DOE were authorized in September 1987 and carried out during September and
October of 1%87.

Part 2 of this feport describes the proof-of-concept tests at Campbell

Station, and Part 3 describes the large-scale demonstration at Seward Station.

" Part 4 describes how data from the two test sites were correlated, and

presents conceptual designs for two‘full—scale retrofit installations. The
rationale and data supporting the conclusions are also given in Part 4.

In this section, the activities and the results of the project are

summarized, Because of the many differences in the scale, scope, conditions,
and constraints between the proof-of-concept tests at Campbell Station and the
large-scale demonstration at Seward Station, these two programs are summarized

separately. Combined data analyses and full-scale cost projections are also

.briefly discussed in Section 2, and the conclusions and principal findings

from both test programs are listed in Section 3.

1.1 PROQF-OF-CONCEPT TESTS

The proof-of-concept tests at Campbell Station (described in Part 2) included
the design, construction, and operation of the test facllity as required to
carry out the test program. After shakedown of the system, the
proof-of-concept tests consisted of 4 months of days-only parametric tests and
about 2 months of around-the-clock operation. The performance of the
electrostatic precipitator (ESP) was evaluated during this latter pericd.
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1.1.1 Test Facility

The test facllity withdrew a slipstream of about 20,000 acfm of flue gas from
Campbell Unit 1 just downstream from one of the air heaters. The gas was
conducted to a straight run of teat duct 130 feet long and 3 feet in diameter
where lime slurry was injected. The gas then entered a pllot-scale ESP. From
this ESP, the gas passed through an induced draft (ID) fan which returned it
to the Unit 1 ductwork, where it passed through the full-scale precipitator.

Lime, either pressure hydrated dolomitic or normally hydrated calcitic, was
delivered in bulk either dry or as a freshly slaked slurry. Batches of slurry
were prepared from the dry hydrate by making them up to the concentration
desired in a slurry makeup tank. Slurries were degritted through liquid
cyclones and stored for use in either of two 5,000-gallon feed tanks.

Slurry was injected into the 3 ft dia. test duct through two spray nozzles.
These were alr atomizers mounted in the center of the duct, peinting

downstream, and located 40 feet apart.

On-line measurements included the following:

© Gas velocity, temperature, and pressure upstream of lime
injection

o Gas temperature apnd pressure at the downstream end of the
test section

¢ The SO; and oxygen (0;) concentrations upstream of the
Spray nozzles and downstream of the ESP. The upsatream
505/0, probe could be moved to a point just ahead of the
ESP to measure 50; removal across the ESP

o Opacity downstream of the ESP

o Flows of lime slurry and atomizing air

1.1.2 Shekedown

Startup vork began in mid-September of 1986 and continued to mid-December of
1986, During this period, the system was checked out and made operable and
the operating team vas mobilized and trained. The equipment was modified and
improved as operating experience indicated.
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- Flue gas coming from the host unit usually ranged between 270°F and 310°F and

between 1,300 and 1,700 ppm SO The test facility could not control the

2-’
temperature or the 502 concentration of the incoming gas. Therefore,
downstream temperature in the test duct was controlled by varying the rate of

slurry injJection into the upstream spray nozzle. The changes in slurry

" injection and variation in the entering 802 concentration caused the lime

feed ratic (LFR), the molar ratio of lime to 502, to vary somewhat during

* the course of each test.

Tests during the shakedown period identified an acceptable spray nozzle:
Spraying Systems‘Company'a {55Co's) Casterjet nozzle with their 5-50 tip.
With air supplied at %0 psig, atomization was fine enough and the spray angle
was such that deposition on the duct walls could be minimized.

" To control depositicn, however, it was necessary to limit the injection rate

through the upstream nozzle to about 1.5 gpm, and through the downstream
nozzle to 1.2 gpm, At these injection rate#, the entering gas velocity was
limited to about 35 ft/sec when the gas was:cooled to a typical operating

- temperature of 160°F.

&

1.1.3 Par sts

“ Four months of parametric tests began in January 1987. These teats normally

lasted 3 hours, but several tocok from 12 to 18 hours,” After each test, the
duct was opened and any deposits were noted, and cleaned out. Test conditions
were varied to determine how to achieve 50 percent removal of SO2 and to
control deposition in the duct.

The effects of controllable variables were also explored. The variables and
their observed effects are as follows. '

Downstream Temperature. This temperature was varied from 140°F to 180°F. The
lower temperature increased SO2 removal, but also increased deposition in

the duct. Both of these phenomena are the results of longer liquid phase
residence time. A good compromise was 160°F, about a 35°F approach to

saturation temperature (AST).
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Lime Slurry Concentration. This value was varied from 8 to 22 percent.

Deposition in the duct decreased as gslurry concentration increased; lime
utilization alsc decreased but SO, removal was higher because of the higher.

LFR.

2

oclty. Gas velocity upstream from injection was varied from 20 to
60 ft/sec. No effect on 502 removal could be observed as a function of
velocity rlone. To maintain the downstream temperature constant as gas
velocity increased, the slurry injection rate was increased proportionately.
Increased slurry injection was accompanied by coarser atomization and
deposition on the duet walls, which may have obscured the effect of gas
velocity on SD2 removal.

Tvpe and Source of Lime. Two types of hydrated lime from five sources were

tried. The two limes that performed best were pressure hydrated dolomitic
lime (PEDL) supplied in dry form by the Rockwell Lime Co. of Manitowoc,
Wisconsin, and a calcitic lime (CL) wet slaked at the nearby Sims Station in
Grand Haven, Michigan. The calcitic lime resulted in higher removal and
caused less deposition in the duct at the tested conditions.

Lime Feed Ratio (LFR). The number ¢f moles of lime injected per mole of

entering so2 was varied from 0.5 to 3.5, Increasing the LFR increased 502
removal but reduced lime utilization, Utilization ranged from 12 to

50 percent for PHDL and from 26 to 60 percent for CL.

LFR and downstream temperature were the two varlables that had the most effect

on SO2 removal,

The parametric tests showed that 50 percent 802 removal with PHDL and a
downstream gas temperature of 160°F required an LFR of approximately 2, giving
a lime utilization of 25 percent. With the wet slaked calcitic lime at this
temperature, 50 percent 502 removal required an LFR of approximately 1.1,

giving & utilization of 45 percent.

RR:8262r 1-5
Part 1




Preliminary tests with gas tubes showed moderate NOx removals. However,
subsequent tests with a chemiluminescent analyzer showed negligible removal.

By measuring distances downstream from the spray nozzles where wet solids
Btuck to a probe inserted into the gas stream, it was possible to estimate
. approximate drying times. (These measurements were approximate because the
solids changed from very wet to very dry over a distance of several feet.)
-: These drying times for the indicated drop in flue gas temperature were:

[\] From 280°F-300°F to 200°F 0.7 to 1.2 sec

o From 200°F to 160°F 1.2 to 1.4 gec

Most of the SO2 removal occurred before the droplets of lime slurry dried.
Measurements of 502 removal across the ESP showed that less than 5 percent
(absolute) of the so2 removal occeurred as the dry solids traveled to the ESP

and were captured there.

- 1.1.4 Duration Tests

The purpose of thieg series of tests was to operate the system continuously for
, prolonged periods to observe deposition and nozzle wear, and to provide stable
operating conditions for the ESP tests. Table 1-1 lists various tests which
demonstrated low deposition with aboutlso percent or more 802 removal at
160°F and & gas velocity of 20 ft/sec.

Table 1-1

LOW DEPOSITION DURATION TESTS

Lime Duraticn 80, Lime Deposits
Date —Slurry =~ _.(hr)  Removal LFR Utilization (X fed)
5/7 PHDL, 15% 20 50 2.3 22 4.4
5/8 PHDL, 19.6% 20 47 2.7 17 5.5
$/12,13 CL, 11.1% 20 42 1.0 42 4.8
5/1%,20 CL, 12% 20 46 1.4 33 1.1
5/29,30 . CL, 12% 20 50 1.1 44 0.7
6/2,3 CL, 17% 18 61- 1.8 34 ' 0.4
RR:B262r 1-6
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At a gas veloclity of 20 ft/sec, slurry injection rates were approximately ‘
1.2 gpm through the upstream nozzle and 0.8 gpm downstream, Higher gas
velocities required higher injection rates and resulted in more wall

deposition for prolonged operation.

1.1.5 Analysis of SO; Removal Data

The data were organized into three separate data gets, and each set was _
analyzed separately using a personal computer-based regression program. Theéé
sets were: PHDL injected though one nozzle, PHDL injected through two
nozzles, and freshly slaked CL injected through two nozzles,

Both rational and empirical expressions were examined toc correlate the data.
The rational expressions do not allow 502 removal to exceed 100 percent and
so2 removal is zero when LFR equals zero.

For all three data sets, the rational expressions showed s strong dependence
of SO2 removal on both LFR and AST. Gas inlet temperature was alsc

identifjed as an important varisble. Inlet so2 concentration was identifled
as an important varlable for the CL data set, but not for the PHEDL data sets.

However, since Inlet SO, 18 a factor in LFR, alsoc used in the correlation,

2
this result is inconclusive,

Plote of calculated versus actual SO2 removal for the rational correlations
showed a glight bias in that calculated removal tended to be high at low
actuyal removal and low at high actual removel. This suggests ilmproved

correlations could be found.

The empirical correlations reflected relationships between the independent
variables rather than the variables' true contribution te 802 removeal.

Thus, they were difficult to interpret and did hot extrapolate. The rational
correlations are felt to be better than the empirical correlations for

understanding the process despite the bilas.

Plots of the rational correlations showing soz removal versus LFR showed
that 502 removal rises faster and higher for freshly slaked CL than for

RR:8262r 1-7
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PEDL, and that PHDL injected threugh two nozzles outperformed PHDL injected

through one nozzle.

Plots of lime vutilization versus lime concentration for PHDL and CL show that
lime utilization decreases with increasing lime concentration. Since, by
definition, lime utilization times LFR equals 502 removal, this implies

that, at a given LFR, 502 removal will decrease with increasing lime
concentration (assuming other variables are held constant).

This phenomenon explains why S0, removal performance of PHDL was better when

injected through two nozzles thin through a single nozzle with another nozzle
for water injection. For a given operating condition, the concentration of
lime injected through a single nozzle had to be higher than that injected
through two nozzles because the additional water injected through the second
nozzle was not used to dilute the lime. This increase in feed solidas results

in poorer lime utilization and therefore, poorer soz removal performance.

Additional anslysis of the Campbell data could be expected te improve its

" correlation. However, it was felt that a more useful correlation could be

cbtained by analyzing the combined data set from both the Campbell and Seward
Bites as later describded.

-1.1.6 ESP Teets

Two series of ESP tests were carried out: the first in November 1986 during

shakedown of the system, and the sBecond from May to July 1987, et the end of

the test program. The test runs for the first series were shorter than those
for the second series. The objective was to determine how injection of lime

into the ductwork affected ESP performance and vhether injectlon is likely to
increase particulate emissions. The results were contradictory.

The first series of tests showed that the lower temperature and higher
moisture content of the gas with injection improved collection enough to
offset the higher particulete loading so that emissions did not increase
significantly. The second, and more extensive, series showed the opposite:

RR:8262r 1-8
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that lime injection impaired ESP performance and caused emissions to
increase. Table 1-2 shows typical ESP performance at a gas velocity upstream
from injection of 45 to 50 ft/sec.

Table 1-2
ESP TESTS
ESP
Lime . Temperature Removal Emigsions,

_Date = _Injection = ___(°F) = [Efficlency = (gr/dscf)
Eirst Series, November 1986
11/18 No injection 275 94.8 0.050
11/22 PADL, 12% 165 99.0 0.034
Second Serjes, May to July 1987
6/8 No injection 284 98.1 .058
Several CL, 12%, average 160 86.3 0.761
7727 PHDL, 15% 159 87.5 0.937

The validity of the second series of tests showing poorer performance with
lime injection is qQuestionable. It is likely that incompletely dried slurry
resulting from poor atomization caused excessive electrical leakage during
these tests. It is felt that further testing must be performed to confirm ESP
performance during CZD treatment of flue gas.

1.2 LARGE-SCALE TESTS

The large-scale test program at the Seward Station of PENELEC (described in
Part 3) included the design, installation, and operation of the CZD test
system. The CZD system was retrofitted onto one of two parallel flue gas
ducts on the 140 MW Unit 15. After shakedown of the system, the activity
consisted of 2 months of parametric¢ lime injection teste and 1 month of
continuous lime injection tests. ESP performance was evaluated during this
latter period.

RR:8262r 1-9
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1.2.1 est L t

The flue gas was treated in approximately 35 feet of a straight ductwork
section (8 feet wide'x 1]l feet high) situated between two seta of turning
vanes. The ductwork section and turning vanes were located between two
existing ESPB.l At a nominal flue gas veloclity of 64 ft/sec, the duct gection

" had only 0.5 second of residence time. After slurry injection, the dried

reaction products and fly ash were collected in the second existing ESP.

PHDL and dry Cl. were received in self-unloading trucks and pneumatically
transferred to a lime silo. The dry lime was slurried with water in a
2,500-gallon lime sump equipped with an agitator. The slurry was pumped from
the sump to a vibrating screen to remove fine grit and then stored in elther
of two 10,000-gallon agitsted lime feed tanks,

Jwo centrifugal feed pumps, operating in series, pumped lime from the feed
tanks through a pump-around loop that passed close tc a valved manifold which

distributed lime to the atomizing nozzles. A separate valved manifold

distributed atoﬁizing air to the nozzles,.

« - On=line measurements included the following:

] Gas velocity and temperature upstream of lime injection
o Gas temperature before and after the downstream ESP

o] S0, NOy, and 03 concentrations upstream of the spray
nozzles and downstream of the ESP and the ID fan

¢ Flow of lime slurry and atomizing air

© Temperature profiles in the duct cross section at several
distences downstream of the injection point

1.2.2 Shakedown Tests

The shakedown tests began in June of 1987 and continued into August of 1987,
During this period, the system was checked out and made operable, and the
operating team was mobilized and trained. Water atomization tests were
performed to determine the pressure and flow characteristics of the atomizing
nozzles and the orientation constraints of the multiple atomizer array.

RR:8262T 1-10
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Prior to the Seward testlng, several nozzle atomizers were tested at the
University of California, Davis, to calibrate the nozzles and to determine the
effects of air and water rates on fineness of atomization. WNozzle performance
results were also avallable from the pillot-scale CZD testing at the Campbell"
Station of Consumers Power Company (CPC). These two test programs ildentified
the Spraying Systems Company's (SSCo) Casterjet nozzle as an acceptable
atomizer for the Seward tests.

The next step involved testing the calibrated nozzles in the flue gas duct to
determine the best configuration and the minimum ratio of atomizing air to
water required to avold wetting the duct and turning vanes. The testing

started with a single nozzle and evelved to a nine-nozzle array.

Because of the short duct and limited residence time, a much higher
air-to-water ratio than expected was required to provide the fine stomization
necegssary for rapld evaporation. The air and discharge orifices of the nozzie
were enlarged to provide this higher ratio.

1.2.3 Lime Injection Tests

Two months of parametric lime injection tests began in August 1987 and were
followed by a month of continuous lime injection tests in October.

The parametric tests, which normally lasted several hours, investigated the
effects of lime concentration on the extent of flue gas desulfurization, lime
utilization, and lime injection rate. The continuous lime injection tests
investigated the long-term effects of lime injection on the:atomizers, duct
deposits, and ESP performance,

The lime injectlon tests confirmed that fine atomization and restricted lime
feed rates were necessary to dry the atomized droplets sufficiently to avoid
deposition on the turning vanes located about 35 feet downstream of the

nozzles. These restricted feed rates limited the maximum so2 removal. The .

following results were obtained.
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t Te I8 e . Temperature profiles taken in the duct cross
section at several distances from the injection point confirmed that a true
confined zone, a moist interior surrounded by hot gas, could be obtained.

PEDL Injection. With PRDL injection, 80, removal ranged from 6 to

. 30 percent, depending on the sglurry flow rate and slurry concentration. The
LFR ranged from 0,11 to 1.34, NOx removal ranged from 8 to 21 percent and
increased with increasing slurry concentration. Lime utilization, based on
combined 502 and NUx removal, ranged from 23 to 90 percent.

Slurry Concentration. Sulfur dioxide removal increased and lime utilizatien
decreased with increasing slurry concentration.

. Calcitic Lime, With CL, either freshly slaked or a slurry prepared from dry
" hydrate, 502 removal, nox removal, and lime utilization were significantly
. lower than corresponding values for the PHDL. The unexpected lower
performance for the freshly slaked lime may have been caused by eroded nozzle
+ tips. Time was not avallable to repeat the :freshly aslaked CL tests with
- eroBlon resistant tips.

: Duct Depoglts. It appeared that duct deposits could be prevented by limiting
injection rates to the point where the atomized droplets dried before they
reached the first interior duct surface, the turning vanes. EHowever, since
this was a manually contrelled operation, it was not.possible to follow load
closely, particularly at night. Consequently, there were times when the
injection rate was excessive, resulting in low downatream temperatures with
some deposition on the vanes and surrounding areas. Poor atomization
resulting from eroded atomizers also caused gome deposits.

1.2.4 Apalysjs of 50,/KOy Date

The test data for PHDL were arranged into groups according to weight percent

slurry concenrration. A plot of S0, removal versus gallons per minute of

2
slurry injected was made identifying each group with a unique symbol. It was

found that a straight line could be drawn from the origin through the data
. )
points for each group.
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These plots show that the Seward test data exhiblt a positive linear
relationshlp of SO2 removal versus slurry injection rate. The plots also
showed that, at a given injection rate, SO2 removallincreases with slurry

concentration.

Lime utiliizaticn data were plotted to determine how lime utilization is
related to lime type and llme concentration for SO2 and NOx removal. From
these plots, the Seward test datas show the following relationships:

0 Both CL and PHDL utilization decrease with increasing lime
concentration for both SO, and ROy removal.

-] PHDL vtilization is higher compared with CL for either S50p
or NOy removal at & given lime concentratiom.

As noted earlier, the short residence time available in the test duct at
Seward limited the lime injection rate to a point vhere a maximum of only

30 percent 802 removal could be obtalned. A full-scale commercial system
with a longer straight run of duct would not be limited in this way.
Furthermore, the ductwork configuration at Seward is suitable for installetion
of a second mset of atomizers upstream of the set used, which would
approximately double the residence time. This would allow more slurry to be

injected and result in higher SO2 removal.

The plots described above were extrapolated to project the slurry injection
rate and concentration required for 50 percent SOZ removal., By this
extrapolation, the injectlon of about 55 gpm of 7.5 percent PHDL would remove

S0 percent of the soz at Seward.

This extrapolaticn is probably conservative. Using two-stage injection and
increasing residence time would permit more injection points, better gas/spray
dispersion, & larger and more uniform confined zone, and a closer approach to
saturation temperature for the treated gas, These factors should provide
better lime utilization thereby obtaining 50 percent S0, removal at an

2
injection rate lower than 55 gpm.
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Two-gtage injection is expected to provide much higher NOx removals compared
with that obtained in the single-stage injection tests during the Seward test
Program.

1.2.5 ESP Tests

Particulate removal efficiency testing of the downstream ESP with and without
lime slurry injection was conducted to determine the capability of the ESP to
handle the additional grain lcading when lime was injected into the system.
An existing online opacity monitor mounted in the stack was also used to
indicate ESP performance during the testing.

During the short-term parametric tests, the opacity decreased and remained
lower during lime injection and then increased when injection was stopped.
During the long-term continuous injection tests, the opaclty decreased at the
start of injection and remained low initially, but then rose after 5 to

10 hours®' operation to a level exceeding the original opacity prior to the
start of injection., Off-power rapping was successful in restoring opacity to
acceptable levels, but was regquired intermittently.

Particulate removal efficiency tests were performed for fiy ash alone (no
injection), during injection of PHDL and during CL injection. Only one slurry
injection rate per test was evaluated. The average particulate removal
efficlency was slightly higher during the LI injection and slightly lower
during the PHDL injection compared with fly ash alone. The average emisalons
vere the same during CL injection but higher during PHDL injection compared
with fly ash alone.

The CZD testing was cﬁnducted with the ESP in an as~-found condition. No
attempt wvas made to optimize the mechanical/electrical condition prior to
testing. Analysis of the ESP operating characteristics during the testing
suggests that the precipitator had some deficiencies with the automatic
voltage controllers and repping systems,

RR:8262r 1-14
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- The capability of off-power rapping to reduce opacity levels suggests that a-
well-tuned ESP, with automatic controls for voltage and rapping, and with
disgcharge electrode rapping, may be capable of maintaining acceptable opacity
levels during lime injection. Ae with the tests at Campbell Station, it is
felt that further ESP testing 1s needed.

RR:8262r1 1-15
Purt 1 15



1
-



Section 2

ANALYSES AND PROJECTIONS

2.1 COMBINED DATA ARALYSES

Widely different test conditions at Campbell and Seward made it difficult to
analyze the data on a common basis. Compared with Campbell, Seward had these
principal differences:

o Extremely short residence time

o Much larger duct cross section

o Higher gas velocity and gas flow rate

© Finer and more uniform atomizaticn

o Higher total injection rates

o Lower inlet S0 concentration

o Lower S0, removals

o High approach to saturation temperatures
o Capability to establish a confined zone

0o Relatively less duct deposits

One approach did successfully correlate the combined data set and appears to
provide reasonable extrapolations. This approach had three major
characteristics:

o The injection rates and gas flows for the two syatems were
normalized to make them directly comparable,

© Significant measured variables were included directly in the
correlation formula.

o A coefficient, X, was added to the correlation formula to
account for the effect of unmeasured variables, system
differences, and lime type.

RR:8264r 2-1
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The injection rates and gas flows were normalized by dividing the water
portion of the slurry feed rate in gallons per minute {(gpm) by the gas flow
rate in thousand standard cubic feet per minute (kscfm). This gquentity was
celled the normalized water injection rate (NWIR). Other measured variables
vsed in the correlation formula were: feed solids in weight percent (Wt %),

the arithmetic average of the inlet and ocutlet 50, concentrations in wet

‘ 2
parts per million by volume (Avg 802). and approach to saturation

- temperature (AST) in °F.
The form of thé correlation equation chosen was:
Percent S0, removal = K (RWIR)2(Wt %x)b(avg SOZ)C(AST)d

The 502 removal data were grouped into three data sets: Seward PHDL,
Campbell PHDL, and Campbell CL. Each deta set was regressed separately using
a personal computer-based regression program to obtain the values of the
exponents and the coefficient, K, that provided the best fit, Fit was
'measured by the aguare of the correlation coefficient, Bz, provided by the
regression program. An Rz value of 1 18 a perfect fit; 0 is completely
random.

ﬁﬁUsing the initial regressions as a guide, additional regressions for each data

" get were made using fixed values for the exponents. The objective was to find
single values for ench'exponent that, when used to correlate each set, did not
significantly affect the data fit. The final result was the correlation of
each data get to the equatiop where the measured variables had the same
exponents and the only difference was the value of the coefficient, K. The

" value of K, obtained this way, was a measure of the difference in performance

" between the teat systems. The results are shown in Table 2-1.

RR:B264r . 2-2
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Table 2-1

CORRELATION RESULTS

Data Set 2 b ¢ d K R?

Seward PHDL 0.65 0.45 -0.4 =-0.4 27.3 0.877
Campbell PHDL 0.65 0.45 -0.4 ~0.4 19.1 0.774
Campbell CL 0.65 0.45 -0.4 -0.4 24 .4 0.654

A comparison of calculated versus actual removal for the Seward and Campbell
PHDL correlations with the same exponent values is gshown in Figure 2-1,

The range of the variables used in this correlation is shown in Table 2-2.

Table 2-2

RANGE OF VARIABLES

Variable Sevard Campbell
RWIR, gal/kscf 0.06 - 0.15 0.2 - 0.36
Wt % 1.6 =16 7.5 - 21
Avg 50;, ppmv vet 600 - 780 800 - 1200
AST, °*F 95 - 130 25 - 55

The correlation provides reasonably accurate predictions of SO2 removal when
the variables are within these ranges. However, the accuraci of
extrapolations cutside these ranges is unknown, and they should be performed

with caution.

The difference in performance for the Seward and Cnmpbellvtest systems can be
measured by examining the values of K obtained for the PHDL data sets. The
value of K for the Seward PHDL data set is approximately 43 percent higher
than that for the Campbell PHDL data set, This means that sjstem differences
provided a 43 percent higher performance at Seward compared with Campbell.
This implies that operation‘of a large-scale gystem similar to Seward at the
same test conditions used at Campbell would produce 502 removal results
approximately 43 percent better than those obtained during the actual Campbell

tests.

8264r 2-~3
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Comparing the value of K for the Campbell PHDL and CL data sets shows that the
SO2 removal performance for calcitic lime was about 28 percent higher than
that for PHDL, at the conditions tested. No useful large-scale system data
were collected for CL, and we therefore have no evidence that the improved
performance of CL over PHDL will also be observed in large-scale
installations, Further testing is needed to confirm If calecitic lime will

produce significantly better SO2 removal in a full-scale system.

2.2 FULL~-SCALE PROJECTIONS

Conceptual designs for two full-gcale retrofit installations, a generic

500 MWe unit and J. H. Campbell Unit 1 of CPC, were prepared. The designs
include a process flow diagram showing flows of material and energy, and the
sizes, duties, and meterials for the principal items of equipment. Capital

and operating costs were estimated from the designs.

2.2.1  $0, Remova)

The level of 802
50 percent. The correlation developed for the combined Campbell and Seward

removal for the full-scale projections is specified at

SO2 removal data was used to predict lime concentratioens reguired for

50 percent SO2 removal. The value of K (27.3) obtained for the Seward PHDL
data was used. This value takes into account the better 502 removal

. performance of the full-scale system produced by the ability to establish a
true confined zone. The lime type was chosen as PHDL because this is the only
type for which data were available from both test sites. A sensitivity
analysis for lime type CL, using the same K factor, and the use of another K

factor were conducted for comparison,

The levels of the independent variable in the correlation equation were

determined as follows.

AST. The cutlet temperature chosen for the projections is 170°F, the
temperature required to keep the turning vanes deposit-free at Seward. At an
assumed saturation temperature of 125°F, this provides an AST of 45°F. With
an inlet temperature of 280°F, and assuming an ideal confined zone, 71 percent

BR:8264r 2=5
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of the gas flow would be confined in the center zone of the duct and cooled to
the saturation temperature of 125°F. This gas would be surrounded by an
envelope of inlet flue gas at 280°F, amounting to 29 percent of the gas flow.
"When these two zones are completely mixed together dowvnstream, they would
produce a blended outlet temperature of 170°F.

- BWIR. The value of this variable wes calculated from a heat balance based on
the flue gas characteristics. TFor a given flue gas, once the cutlet

temperature is specified, NWIR varies directly with the gas inlet temperature,

A!g;g;g_igz. The arithmetic average of the inlet and outlet concentrations

of SO2 in the gas was calculated from a material balance.

WtX. The correlation equation was solved for WtX using the values of the

' other variables as specified above.

2.2.2 FOy Removal

. At the Campbell teat‘site, Nox removal tests were inconclusive. At the
Sewvard test alite, nox removal reached 17 percent with one stage of

injection. This amount could improve with the addition of a second stage of
injection., The specified NOx reduction for the full-scale projections is 50
percent. The DOE guidelines require that a penalty be assessed for processes
vhich do not inherently reduce RO, emissions by a minimm of 50 percent.
Because 50 percent NOx removal was not demonstrated, this penalty was

assessed and no credit was taken for CZD NOx removal.

2.2.3 peposits

During the full-scale tests, it sppeared that deposits could be prevented if
the atomized droplete dried before they impinged on the Iinterlor duct
surfaces. Fine-spray nozzles with erosion resistant tips and suitable
ipstrumentation for the required process contrc]l were included in the
projections to provide for adequate droplet drying. No special mechanical
devices to dislodge or remove deposits were included. If additional CZD
testing shows a need for mechanical devices, the projections should be

modified accordingly.

RR:8264r 2=-6
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2.2.4 erformance rad

The capabllity of an existing ESP to handle the additional loading resulting;
from lime injectlion was not conclusively determined during the CZD testing. '
Some tests indicated ESP emissions were no greater during lime injection than
without; others indicated emissions increased during lime injection. The
reasons for the increased emissions could not be conclusively identified, so

it was not possible to specify corrective measures.

No ESP modifications to upgrade performance have been included in the
full-scale projections. However, new ESP conveyors and waste solids storage

8i1los have been included to handle the increased quantities of waste solids.

2.2.5 Atomizing Air Pressure and Flow Rate

The testing at both sites showed that high atomizing air pressure provided
fine atomization which improved drying and SOZ removal. A practical limit )
of 90 peig was established at both sites and will be used for the
projections. A minimum of 30 scf atomlzing alr per gallon of slurry was
required In the Seward testing to maintain good temperature profiles and dry
downstream turning vanes. A design value of 30 scf/gallon of feed was used

for the projections.

2.2.6 500 MWe Reference Plant

The reference power plant speclified for this retrofit study le a pulverized
coal-fired plant consisting of two 500 MWe bojler umits (i.e.,, Unit 1 and
Unit 2). The plant is assumed to be located near Miiwaukee, Wisconsgin, For
 the purpose of this evaluation, only Unit 1 is to be retrofitted for a

50 percent reduction of 502 using the CZD process,

Table 2-3 lists power plant design information provided by the DOE
guidelines, Table 2-4 provides the projected process design characteristies.

RR:B264r 27
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Table 2-3

500 MWe REFERENCE PLANT
EEY BOILER DESIGN DATA AND FLUE GAS CHARACTERISTICS

C cter s catio
Plant rating, MW net 500
Estimated remaining life, yr 30

.~ Net plant heat rate, Btu/kvh 10,000

. Capacity factor, %X 65

. Sulfur content of coel, X 4
Average heating value of coal, Btu/lb 10,100
Gas flow rate, acfm/MW 4,000
Gas temperature, °F 280
Boller efficiency, % 88
Average coal burn rate, tph 247
80, emission, tph 18.77

- .NOy emission, tph 2.22

Table 2-4

500 MwWwe EEFERENCE FLANT
PROCESS DESIGN CHARACTERISTICS

_Process Design Parameters Specifications
50, removal, X 50
Spray down temperature, °F 170
‘Approach to saturation temperature, °F 45

, > Normalized water injJection rate, gal/kscf gas 0.265

~ Inlet 50; concentration, ppmv, wet basis 2,780

“Outlet S0, concentration, ppmv, wet basis 1,318

- Aversge SO, concentration, ppmv, wet basis 2049
Lime feed ratio, 1/2 [moles Ca(OH);+Mg(OH);]/mole 50, entering 1.46
Lime utilization, 34.3
Lime purity, X 95.5

~ Lime slurry concentration, WtX 24.3
Atomizing air pressure, psig 90

- Atomizing air flow, scfm/gpm slurry 30

w e t

_ PHDL, 95.5% Ca(0H)5°Mg(OH),, tph 29.6

" Process water, gpm 354
Electricity, kW 4000

[ 1 ts

302, tph 9.4
NOy, tph _ 1.1
Fly ash, tph 31.6
Reaction products (includes unrescted 1lme), tph 36.4
Grit, tph, wet 1.66
Waste water, gpm none
8264r 2-8B
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A cost estimating methodology developed by the DOE was used. This method:

¢ Levelizes total retrofit capital requirements using
standardized assumpticns and economic factors developed by
EPR]I as well as sgimplifications determined to be suitable by
DOE

o] Levelizes a2ll costs to 1982 base-year dollars

¢ Levelizes capital costs for dissimilar acid rain precursor
(i.e., 80, and NOy) control approaches at different
stages of technical maturity

0o Calculates the total retrofit capital requirement and first
year operating and maintenance costs, from which a total
levelized retrofit cost can be calculated

Information required to generate the estimates was obtained from equipment
vendors, published cost data, and Bechtel inhouse cost files. Capital costs
were estimated by a modular factor cost estimating approach. Process
equipment sizing and cost were developed by Bechtel. Operating costs were
calculated based on estimated reagent and utility consumption, and the
DOE-specified operating cost criteria.

The total retrofit capital requirement was estimated at $47.01/kW, including
NOx nonremoval penalty. The eatimated first year operating and maintenance
costs are $31.34/kW-yr. The calculated soz removal coat is $357/ton 502.

In terms of 30-year levelized busbar electricity cost, it becomes

14.0 mills/kWh.

Substitution of lime type CL for PHDL using the same correlation facter, K,
has a moderate impact on the 500 MWe conceptual design. Although the same
weight of hydrated lime ip used for both lime types, the CL design utilizes
unhydrated lime delivered to the plant site., This usage considerably reduces
the dry lime storage facilities. Offsetting this is the need for onsite
equipment to h&drate the CL. The CL is also less expensive than the PHDL,.

From the point where the CL is hydrated, the ejuipment requirements, i.e.,
storage and feed tanks, transfer and feed pumps, atomization system, air
compressors and instruments and controls, are nearly identical for both CL and
PHDL. '

8264r : 2-9
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The net effect of the changes reduces the capital and operating costs for the
. design. The estimated total retrofit capital requirement reduces to $42.1/kW,
. including Nox nonremoval penalty. The estimated first year O&M costs reduce
to $25.1/kW/yr. The calculated 80, removel cost is $292/ton SO, and the

2
30~year levelized busbar electricity cost becomes 11.3 mills/kWh.

The effect of an increase of 25 percent in the value of the correlation
| factor, K, on the 500 MwWe conceptual design was investigated. Additional
full-escale testing of the CZD process with two-stage injection is expected to
provide a better confined zone pattern and show an improvement in so2
removal performance which will increase the value of K. The amount of the
expected improvement can not be predicted at this time; 25 percent represents

one possibility.

The 1ncreﬁse in the value of K produces more than a proportional reduction in
"the lime requirements because the lime utilization alsc increasas. The
reduction in lime requirements subatantially reduces the dry lime storage and
-- handling equipment. The lime slurry handling equipment, including the
__atomization system is not significantly affected.

A 25 percent increaae in K for the 500 MWe conceptual degign uaing PHDL
Eﬁreducee the estimated total retrofit capital requirements to $38.5/kV,
~“ineluding nox nonramoval penalty. The estimated first year O&M costs become
$19.6/kwh-yr. The calculated 50, removal cost is $236/ton 50, and the
30-year busbar electricity cost becomes 8.9 mills/kWh.

2.2.7 J. H, Campbell Unit ), Consymers Power Company

7 Campbell Unit 1 of Consumers Power Company is a base-loaded pulverized

' coal-fired boiler, located in Weat Olive, Michigan. It burns medium-sulfur
coal, and the S0, emissions are uncontrolled. Fly ash is removed by two
electrostatic precipitators in series - 1E and 1W. Key boiler derign data and
flue gas characteristics are as shown in Table 2-5.

Process desjign characteristics for Campbell Unit 1 are presented in Table 2-6.

B26Ar 2-10
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Table 2-5

J. H. CAMPBELL UNIT 1
KEY BOILER DESIGN DATA AND FLUE GAS CHARACTERISTICS

cte ic ons

Unit rating, MW net 260
Estimated remajining life, yr 30
Net plant heat rate, Btu/kWh 9,520
Capaclty factor, X% 80
Coal as fired

Moisture, % 11.3

Ash, % 10.7

Sulfur, % 2.2

Higher heating value {(HHV), Btu/lb 11,178
Flue gas temperature, °F 280-330
Flue gas flow, acfm € 300°F 863,700
Flue gas S0, concentration, ppmv 1,617
Particulate emissions control device 2-stage ESP

lst stage 95%
2nd stage 97%

Table 2-6

J. H. CAMPBELL UNIT 1
PROCESS DESIGR CHARACTERISTICS

Process Deglgn Parameters : Specifications
S0, removal, X 50 '
Flue gas temperature at injection point, °F 300
Spraydown temperature, °F 170
Approach to saturation temperature, °F 45
Normalized water injection rate, gal/kscf gas 0.284
Average S0, concentration, ppmv, wet basis 1189
Lime feed ratio, 1/2 [moles Ca(OH)2+Mg(OH);])/mole SO, entering 1.32
Lime utilization, % 38
Lime purity, % 95.5
Lime slurry concentration, Wt¥% 13,6
Atomizing air pressure, psig ‘ 90
Atomizing air flow, scfm/gpm 30
Raw Material and Utilicy Reguirements

PHDL, 95.5% Ca(OH),*Mg(OH),, tph . 6.58
Process wvater, gpm 160
Electricity, kW 1,600
Process Effluents

S0z, 1b/hr 4,620
Fly ash, tph (ESP lE) 9.00.
Reaction products (includes unreacted lime), tph (ESP 1W) 8.70
Grit, lb/hr, wet 740
Waste water, gpm none
8264r 2-11

Part 1
: 27



The cost estimating methodology used for this case follows the EPRI Technical
Assessment Guide for a Class II level of analysis. Major equipment ceosts are
based upon Bechtel inhouse information, adjusted to current cost index, and
vendors' telephone quotes. Other materials are by ratio to major equipment
costs on plant parameters. Construction labors are from labor/material ratios
" for aimilar work, sdjusted for site conditions and using expected average
labor rates. The base year for the cost estimate in 1988.

The total estimated retrofit capital requirement is $29.49/kW; the first year
operating cost is $18.07/kW-yr; the 30-year levelized busbar costs is

6.5 mills/kWh. The calculated SO2 removal cost is $360.38 per ton of 502
remcved, including both capital charge and O&M coats.

As discussed for the 500 MWe conceptual design, additional full-scale CZD
testing is expected to show an improvement in SO2 removal performance, This

- would result in a reduction in the estimated costs for Campbell Unit 1 similar
to those presented for the 500 MWe case.
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Section 3

CORCLUSIONS

The following conclusions and principle findings can be drawn from the results
of the CZD testing.

Overall 502 removals above 50 percent are possible with either PHDL or
CL.

The injection of aiomized lime slurry in a large duct can be controlled in
2 confined zone dispersion which minimizes duct deposition while enhancing
50, removal performance. Temperature profiles of the duct cross section

2
during injection can be used to define the shape of the confined zone.

Injected lime slurry has to dry before contacting any surfaces inalde the
duct; otherwise, depesits will form. Operatlion without depoaits for SO2
removals above 25 percent appears to require residence times greater than

0.5 second based on Seward results.

An inadequate residence time created by a short duct can be partially
compensated for by increased fineness of atomization which increases

droplet surface area and, therefore, increases evaporation rate.

PHDL was less erosive to the nozzle discharge orifice than were hydrated
or freshly slaked CL.

High lime utilizations of about 50 percent at S0 percent 502 removal are
possible, particularly at low 502 concentrations. Utilization is

inversely related to lime concentration.

The electrostatic precipitator (ESP) contributes less than 5 percent

(absolute) to SO2 removal.
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10.

il.

12.

Intermittent off-power rapping was guccessful In restoring stack opacity
to acceptable levels during contlnuous lime injection at the full-scale
test site., While this practice is not suitable for normal power plant
operation, it suggests that improving the mechanical and electrical
condition of an exiting ESP may make it capable of removing the added
particulate matter introduced by lime injection.

The comblined SO2 removal data from the Campbell and Seward test sites
vere correlated to a single correlation formula that appears to provide
reasonable extrapolations. Additional full-scale CZD testing with
increased residence time and a closer approach to saturation temperature
is expected to provide data that willl show an improvement in the 502

removal performance for the correlation.

The correlation was used to project design bases for two full-scale
retrofit installations; & generiec 500 MWe unit and J. B. Campbell Unit 1
of CPC. The total projected costs to remove 50 percent of the 502 were
$357 and $360 per ton of S0,
and Campbell Unit 1. These costa are dbelow the DOE performance objective
of $500/ton of 802 removed. Additional CZD testing with two-stage
injection and a better confined zone pattern 1s expected to show improved

removed, respectively, for the 500 MWe unit

502 removal performance which will substantially lower these SO2
removal coats.

NOx removals of up to 17 percent were demonstrated during the full-scale
Sewsrd testing. These removals are expected to increase with additional
CZD testing using two-stage injection. If a credit were taken for the
acid reduction potential of the nox removal, the 802 removal costs

would be further reduced.

Additional testing is required to further explore the limits of lime
injection rate and 802 removal, to clarify performance of CL and PHDL as
a function of residence time in a confined zone, and to more thoroughly
assess the effect of lime injection on ESP performance.
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13. Additional ESP testing is expected to be favorable, and the projected
advantages of the CZD process appear real. Therefore, the process should

prove to be extremely attractive and economical,
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ABBREVIATIONS, ACRONYMS, AND DEFINITIONS

acfm . actual cubic feet per minute

ADT acid dew point

AST approach to ssturation temperature

AVC automatic voltage control

bhp brake horsepower

CEM continuous emissions monitor, term used to designate 805-0,
monitoer

CL calcitic lime

conc concentration

CPC Consumers Power Company

1oAY confined zone dispersion

DCE U.S. Department of Energy

d/s dowvnstream

EMV effective migration velocity

ESP electrostatic precipitater

Eff efficiency

FGD flue gas desulfurization

gpm gallons per minute

HHV higher heating value

ID induced draft

Injection spraying lime slurry or water into flue gas flowing in 2 duet

ksefm thousand standard cubic feet per minute

L Iime

LFR lime feed retio, moles of lime (both Ca and Mg) fed per mole of
S0, entering

Mwe megawatts, electric equivalent

ROy nitrogen oxides

NWIR normalized water injection rate

02 oxXygen

OH hydroxide concentration

Q&M cperating and maintenance

PEDA Pennsylvania Energy Development Authority

PENELEC Pennsylvania Electric Company

PETC Pittsburgh Energy Technology Center

PHDL pressure hydrated dolomitic lime (alsc called Type S lime)

PRDA Program Research and Development Announcement

P&ID piping and instrumentation diagram

P&ID process and instrumentation diagram

SCA epecific collection area

sef standard cubic feet

scfm standard cubic feet per minute

S0, sulfur dioxide

504 sulfur trioxide

§5Co Spraying Systems Company

T/R transformer/rectifier

u/s upstream

VI voltage current

W vater

we water column, the head difference in a water manometer

All temperatures are in degrees F, unless specified otherwisge.

ix
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Section 1

INTRODUCTION

As part of a program to develop more cost-effective approaches to the control
of acid rein precursors, the Department of Energy (DOE), 1n 1985, requested
proposals for carrying out proof-of-concept tests of new technology to reduce
emipsions of 302 and Nox from existing power plants. The DOE's objective

was to stimulate development of lower cost processes sultable for retrofitting
ontce older plants. The speclfic goal was to remove at least 50 percent of the
SO, at & total cost of less than $500 per ton .of 502. The

2
. proof-of-concept test faclilities were tc be on a scale equivalent to 5 MWe.

EBechtel was awarded Contract DE-AG22-85PC81009 by DOE, Pittsburgh Energy
Technology Center to perform proof-of-concept testing. Bechtel's concept,
called the Confined Zone Dispersion (CZD) process, involves Injecting a finely
atomized slurry of reactive lime into the ductwork between a2 boller's air

heater and its precipitator.

The test facility was located at the J. H. Campbell Station ¢of Consumers Power
Company in West Olive, Michigan. Unit 1 at the Campbell Station supplied a
slip stream of flue gas to the facility. Work on the project began in
September 1985, and the proof-of-concept tests took place between September
1986 and July 1987,

ER:8315r1 1-1
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Section 2

SUMMARY

The proof-of-concept (or pilot-scale) tests at Campbell Station included the
design, construction, and operation of the teat facllity as required to carry
out the test program. After shakedown of the system, these tests consisted of
4 months of days-only parametric tests and about 2 months of around-the-clock
operation. The performance of the electrostatic precipitator (ESP) was
evaluated during this latter period,

2.1 TEST FACILITY

The test facility withdrew a slipstream of about 20,000 acfm of flue gas from
Campbell Unit 1 just downstream from one of the air heaters. The gas was
conducted to a straight run of test duct 130 feet long and 3 feet in diameter
where lime slurry was Injected. The gas then entered a pllot-scale ESP. Trom
this ESP, the gas passed through an induced-draft (ID) fan which returned it
to the Unit 1 ductwork, where it passed through the full-scale precipitator.

Lime, either pressure hydrated dolomitic or normally hydrated calcitic, was
delivered in bulk either dfy or as a freshly slaked gslurry. Batches of slurry
were prepared from the dry hydrate by making them up to the concentration
desired in & slurry makeup tank. Slurries were degritted through liguid
cyclones and stored for use in either of two 5,000-gallon feed tanks.

Slurry was injected into the 3 ft dia. test duct through two spray nozzles.
These were ailr atomlizers mounted in the center of the duct, pointing
dowvnstream, and located 40 feet apart.

On-line measurements included the following:

¢ Gas velocity, temperature, and pressure upstrean of lime
injection

0 Gas temperature and pressure at the downstream end of the
test section

KR:8293r 2-1
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o The S0, and oxygen (0,) concentrations upstream of the
spray nozzles and downstream of the ESP. The upstream
50,/0; probe could be moved to a point just ahead of the
ESP to measure S0, removal across the ESP

0 Opaclty dovnstream of the ESP

o Flows of lime slurry and atomlzing air

2.2 STARTUP

! Startup work began in mid-September of 1986 and continued to mid-December of
1986. During this period, the system was checked out and made operable and
the operating tesm wvas mobilized and trained. The equipment was modified and

improved as operating experience indicated.

Flue gas coming from the host unit usually ranged between 270°F and 310°F and
between 1,300 and 1,700 ppm SO
" temperature or the SO

2" The test facility could net control the
2 concentration of the incoming gas. Therefore,

downstream temperature in the test duct was controlled by varying the rate of
slurry injection into the upstream spray nozzle, The changes in slurry

. injection and variation in the entering S50, concentration caused the lime

2
feed ratio (LFR), the moclar ratio of lime to 802, to vary somewhat during

the course of each test.

. Tests during the shakedown period identified an acceptable spray nozzle:
Spraying Systems Company's (S55Co's) Casterjet nozzle with their 5-50 tip.
With air supplied at 90 psig, atomization wﬁs fine enbugh and the spray angle
was such that deposition on the duct walls could be minimized.

To control deposition, however, it was necessary to limit the injection rate
through the upstream nozzle to about 1.5 gpm, and through the downstream
nozzle to 1.2 gpm. At these injection rates, the entering gas velocity was
lipmited to about 35 ft/sec when the gas was ccoled to a typical operating
temperature of 160°F,

RR:8293r 2-2
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2.3 FPARAMETRIC TESTS

Four months of parametric tests began in Januvary 1987. These tests normallyf
lasted 3 hours, but several took from 12 to 18 hours. After each test, the
duct was opened and any deposits were noted, and cleaned out. Test cenditions
were varied to determine how to achieve 50 percent removal of SO2 and to

control deposition in the duct.

The effects of controllable variables were also explored. The variables and

their observed effects are as follows.

2.3.1 ownst

This temperature was varied from 140°F to 180°F. The lower temperature
increased SO2 removal, but also increased deposition in the duct. Both of
these phenomena are the resgults of longer liquid phase residence time. A good
compromise was 160°F, about a 35°F approach to saturation temperature (AST). .

2.3.2 [Ldme Slurry Congentration

This value was varied from 8 to 22 percent. Deposition in the duct decreased
es slurry concentration increased; lime utllization also decreased but 502
removal was higher because of the higher LFR.

2.3.3 Gas Velocity

Gas velocity upstream from injection was varied from 20 to 60 ft/gec. No
effect on SD2 removal could be observed as & function of velocity alone. To
maintain the downstream temperature constant as gas velocity increased, the
sBlurry injection rate was increased proportionately. Increased slurry
injection was accompanied by coarser atomization and deposition on the duct
walls, which may have obscured the effect of gas velocity on 502 removal,

2.3.4 Tvype and Source of Lime

Two types of hydrated lime from five sources were tried., The two limes that
performed best were pressure hydrated dolomitic lime (PHDL) supplied 1n dry
form by the Rockwell Lime Co. of Manitowec, Wisconsin, and a calecitic lime

RR:8293r : 2-3
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(CL) wet slaked at the nearby Sims Station in Grand Haven, Michigan. The

7. caleitic lime redulted in higher removel and caused less deposition in the

P

duct at the tested conditions.

© 2.3.5 e [s] F

The number of moles of lime injected per mole of entering 502 was varied
from 0.5 to 3.5. Increasing the LFR increased 502 removal but reduced lime
utrilization. Utilization ranged from 12 to 50 percent for PHDL and from 26 to

'60 percent for CL.

. LFR and downstream temperature were the two variables that had the most effect

on 502 removal.

The parametric tests showed that 50 percent SO, removal with PHDL and a

2

downstream gas temperature of 160°F required an LFR of approximately 2, giving

a lime utilization of 25 percent. With the wet slaked calcitic lime at this
temperature, 50 percent So2 removal required an LFR of approximately 1.1,
giving a utilization of 45 percent,

Preliminary tests with gas tubes showed moderate Nox removals. However,

-subaequent tegts with a chemiluminescent analyzer showed negligible removal.

By measuring distances downstream from the spray nozzles vhere wet solidsr

stuck to a probe inserted into the gas stream, it waswpoasible to estimate

approximate drying times., (These mesasurements were approximate because the
sclids changed from very wet to very dry bver a distance of several feet.)

These drying times for the indicated drop in flue gas temperature vere:

] From 280°F-300°F to 200°F 0.7 to 1.2 sec

o From 200°F to 160°F 1.2 to 1.4 sec

Most of the SO2 removal occurred before the droplets of lime slurry dried,

Measurements of 50, removal across the ESP showed that leas than 5 percent

2
{absolute) of the So2 removal occurred as the dry solids traveled to the ESP

and were captured there,
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2.4 DURATION TESTS

The purpose of this series of tests was to operate the system continuously for
prolonged periods to observe deposition and nozzle wear, and to provide stable
operating conditions for the ESP tests. Tsble 1-1 lists various tests which
demonstrated low deposition with about 50 percent or more S0, removal at

2
160°F and a gas velocity of 20 ft/sec,

Table 2-1

LOW DEPOSITIOR DURATION TESTS

Lime Duration 50, Lime Deposits

Date Slurry (hr) Removal LER Utilization {% fed)
5/7 PHDL, 15% 20 50 2.3 22 4.4
5/8 PHDL, 19.6% 20 47 2.7 17 5.5
5/12,13 cL, 11.1% 20 42 1.0 42 4.8
5/19,20 CL, 12% 20 46 1.4 33 1.1
5/29,30  CL, 12% 20 50 1.1 44 0.7
6/2,3 cL, 17% 18 61 1.8 34 0.4

At a gas velocity of 20 fr/sec, siurry injection rates were approximately
1.2 gpm through the upstream nozzle and 0.8 gpm downatream, Higher gas
velocities required higher injection rates and resulted in more wall

deposition for prolonged operation,

2.5 ANALYSIS OF 50, REMOVAL DATA

The data were organized into three separate data sets, and each set was
analyzed separately using a personal computer-based regression program. These
sets were: PHDL injected though one noz2zle, PHDL injected ihrough two
nozzles, and freshly slaked CL injected through two nozzles.

Both rational and empirical expressions were examined to correlate the data.

The rational expressions do not allow SO, removal to exceed 100 percent and

2
502 removal is zero when LFR egquals zero,
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For all three data sets, the rational expressions showed a strong dependence
of SO2 removal on both LFR and AST. -Gas inlet temperature was also
identified as an important variable. ‘Inlet SO2 concentration was identified
as an important varjable for the CL data set, but not for the PHDL data sets,
However, since inlet SO2 is a factor in LFR, alsc used in the correlation,
this result is inconclusive.

Plots of calculated versus actual SO. removal for the rational correlations

. 2
showed a slight blas {n that calculated removal tended to be high at low
actual removal and low at high actusl removal. This suggests improved

correlations could be found.

The empirical correlations reflected relationships between the independent
variables rather than the variables' true contribution to 502 removal.

- Thus, they were difficult to interpret and did not extrapolate. The rational
~ correlations are felt to be better than the empirical correlations for

understanding the process despite the bilas.

~ Plots of the rational correlations showing 862 removal versus LFR showed
that SO2 removal rises faster and higher for freshly slaked CL than for
PHDL, and that PHEDL injected through two nozzles outperformed PEDL injected

through one nozzle,

Plots of lime utilization versus lime concentration for PHDL and CL show that
lime utilization decreases with increasing lime concentration. Since, by '
definition, lime utilization times LFR equals SO2 removal, this implies

that, at a given LFR, SQZ :emo?al will decreasse with increasing lime !
concentration (assuming other variables are held constant).

‘This phenomenon explains why SO2 removal performance of PHDL was better when
injected through two nozzles than through a single nozzle with another nozzle
for water injection. For a given operating condition, the concentration of
lime injected through a single nozzle had to be higher than that injected
through two nozzles because the additicnal water injected through the second
nozzle was not used to dilute the lime. This increase in feed solids results
in poorer lime utilization and therefore, poorer 502 removal performance.

BR:B8293r 2=-6
Part 2 ‘ 48



Additional analysis of the Campbell data could be expected to improve its
correlation. However, it was felt that & more useful correlation could be
obtained by analyzing the combined data set from both the Campbell and Seward
sites as later described.

2.6 ESP TESTS

Two series of ESP tests were carried out: the first in November 1986 during
shakedown of the system, and the second from May to July 1987, at the end of
the test program. The test runs for the first series were shorter than thosé
for the second series, The objective was to determine how injection of 1ime-
into the ductwork affected ESP performance and whether injection is likely to
increase particulate emissions. The results were contradictory.

The first serles of tests showed that the lower temperature and higher
moisture content of the gas with injection improved collection enough to
offset the higher particulate loading so that emissions did not increase
signiflcantly. The second, and more extensive, series showed the opporite:
that lime injection impaired ESP performance and caused emissions to
increase. Table 1-2 shdws typical ESP performance at a gas velocity upstream
from injection of 45 to 50 ft/sec.

Table 2-2
ESP TESTS
ESP .
Lime Temperature Removal Emissions,
Date = _Indection = ___CF = Efficiency = (gr/dscf)
First Serjes, November 1986
11718 Ko injecrion 275 4.8 0.050
11/22 PHDL, 12% 165 69.0 0.034
Second Series, May to Julv 1987
6/8 No injection 284 98.1 0.058
Several CL, 12%, average 160 86.3 0.761
7727 PHDL, 15% 159 87.5 0.937
RR:8293r =17
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The validity of the second series of tests showing poorer performance with
lime injection is questionable. It 1s likely that incompletely dried slurry
resulting from poor atomization caused excessive electrical leakage during

these teats, It is felt that further testing must be performed to confirm ESP
rerformance during CZD treatment of flue gas.
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Section 3

PROJECT DESCRIPTION

On February 2, 1985, the Pittsburgh Energy Technology Center (PETC) of the
Department of Energy (DOE) issued a Program Reasearch and Develcpment
Announcement, (PRDA) RA-22-85PCB1001, soliciting proposals to carry out
proof-of-concept tests of novel processes for flue gas desulfurization (FGD).
These FGD processes were to be capable of removing at least 50 percent of the
502 from the flue gas of coal-burning utility boilers. They were also to
have the potential of being economically retreflitted onto existing boilers,
.and the by-preducts were to he either useful or at least suitable for disposal
as nonhazardous wastes. The total estimated cost of the SO2 removal was to

be less than $500 per ton of so2 removed, PETC specified that the scale of
the proof-of-concept tests was to be approximately equivalent to a 5 MWe power

plant.

On April 1, 1985, Bechtel responded to this PRDA with a proposal to deslign,
build, and operate a test facility based on the company's proprietary Confined
Zone Dispersion (CZD) process. The facllity was to be located at Consumers
Power Company's (CPC's) Campbell Station in West Olive, Michigan. Unit 1 at

. the Campbell Station would supply a slip stream of flue gas to the facility.
CPC agreed to this arrangement in a letter of intent, a copy of which Bechtel
included in its proposal. On June 12, 1985, PETC notlfied Bechtel that the
latter's proposal was one of those selected for negotiation, and Contract
DE-AC-22-85PC81009, signed on September 23, 1985, authorized work to begin. A
Work Plan, drafted by Bechtel, was submitted to PETC on November 22, 1985.

3.1 IMPLEMENTATION

A formal agreement with CPC was signed on February 19, 1986. CPC was unable
to accept any liability for the test facility or any costs that would affect
its rate structure, To preclude any action that required modification of

Campbell Station's environmental permits, no process wastewaters could be

RR:8266r 3-1
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discharged by the test facllity, and all solid wastes had to be disposed of
off site, In addition, measures to minimize emissions of dust were mutually
developed by Bechtel and CPC.

CPC assisted the project in many ways. It helped apply for environmental
pertiits, and provided general support and asslstance throughout the program.
Campbell Station provided utilities, office space, and other services.

Bechtel National, Inc. personnel from San Francisco managed the project and
performed the process deslgn, shakedown, testing, and reporting. Detailed.
design, most of the procurement, and management of construction was dene by
. Bechtel Esstern Power Company, from its office in Ann Arbor, Michigan.
Subcontractors from western Michigan performed the construction.

During a scheduled outage of Unit 1 late in Rovember 1985, penetrations were

made in the mit's ductwork. Manually operated shutoff dampers were welded

onto the penetrations, and the damper openings were sezled with cover plates

and insulated. With these dampers in place, another outage was not needed to
connect the test duct.

Moat of the process design wae completed by December 1985. This included
specifying the aiies, duties and generel layout of major items of equipment;
mejor instruments and controls; and materials of construction for the process
equipment,

Procurement of leng-lesd items such as the electrostatic precipitator (BESP),
the ID fan, and the on-line monitor for so2 and 02
1985. With the execution of a subcontract for installing the process

began in November

equipment (which included piping, wiring, and insulation) in July 1986,
procurement for building the facility was completed, However, procurement of
supplies continuéd throughout the test program. The facllity was dismantled
and the site was restored in August 1§89.

3.1.1 De Constructio

Detailed design began in December 1985 and was essentially finished by
June 1986. 7This work included preparation of bld specificationa for
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subcontractors, a number of working drawings for equipment and structures, a‘
process and instrumentation diagram (P&ID}, wiring diagrams, and detailed
layouts., Specifications for restoring the site were also prepared.

Three principal subcontracts were awarded for the construction work:
0 Footlngs, foundations, and concrete wotrk

0 Design, provision of materials, and erection of the process
building '

o Erection and installation of process equipment, plping, end
wiring

4 Bechtel superintendent supervised the construction, but subcontractors
performed the work. The construction superintendent was responsible for
quality control and verified that the subcontractors completed their work
satisfactorily. Work at the site began in May 1986, and the construction
superintendent turned the facillity over to the operating team on October 8,
1986.

3.1.2 Fina) Program Actjivitjes

The shakedown work began in mid-September 1986, and the test program was
completed on July 28, 1987. Shakedown and test program activitles are
described in Sections 4, 5, 6, and 7.

On completion of the test program, the facllity was secured end mothballed,
with all the tools and supplies stored in the process building until
disposition instructions for the equipment were received from the DOE.
Dismantling and site restoration were completed in August 1589.

While the project was active, Bechtei submitted technical progress reports to
PETC each month. These reports describe each month's activity. During the -
test program, they also included a brief description and an analysis of each
month's results and a detalled tabulation of the operating and test data. The
reader is referred to these monthly technical reports for the raw test data.
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3.2 PROCESS AND FACILITY DESCRIPTION
3.2.1 e d tions

The test facility was designed to be simple and versatlle. Flexlble hoses
' were connected to pumps to allow the suction and discharge points to be
changed as required. An example of this flexibility is seen in the lime
handling and supply system where either lime slurry pump could take suction
from any of the lime slurry feed tanks and discharge to the grit tank, the
wastewater sump, or the pump-around loop.

The test duct was located about 12 feet above grade to aveid existing
structures close to Unit 1, to allow a stralght run of test duct in excess of
100 feet, and to minimize the length of the connections. The diameter of the
test duct was chesen to be 3 feet. At & gas flow of 50 ft/sec, the test scale
would be equivalent to about 7 MWe, somewhat larger than required by the

" PRDA. Tﬁe larger duct size lessened the problems of deposits inside the duct
" and permitted workers to go inside for inspection and cleaning.

Since the facility would have to operate 1n5§1nter, all lime slurry

s preparation and handling equipment and the principal instruments and controls

were enclosed in a heated bullding.

Operation of the test facility could not interfere with the operation of the
Campbell plant since the test facility simply withdrew a slipstream of flue
gas from the plant's ductwork and returned it. Isclation dampers with
operating platforms and access ladders were required where the test duct
connected to the ductwerk of Unit 1.

No sewer connection was permitted to carry off wastewater from the test
facility. All vastewater was used either to make up slurry or to moisten the

waste solids discharged to the dumpster in order to control ajrborne dust.

Waste s0lids had to be disposed of off site. The ESP discharged the solids
-4into a covered dumpster, and a contractor hauled them to a Class 2 disposal

gite as required.
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3.2.2 Qverview

As noted, the test facllity was designed to (1) withdraw a slipstream of flue
gas from ductwork of Unit 1 and then (2) inject a finely atomized spray of
lime slurry into the flue gas as it flowed through a straight run of 3 ft dia.
test duct. After leaving the test duct, the gas diacharged into a pilot-scale
ESP and then returned to the upstream side of the gecond-stage ESP in Unit 1.

Flgure 3-1 is & piping and instrumentation diagram (P&ID) of the test
facility; Figure 3-2 shows the layout of the facility. The duct cof the test
facility tied into the ductwork of Campbell Unit 1 just upstream from the
first-stege ESP. The test duct entered the pilot plant building and continued
ag a gtraight run of pipe for a distance of approximately 130 feet, before
curving upwvard and entering the pllot-scale ESP. Induced draft fan V-1
wvithdrev the flue gas from the Unit 1 ductwork, pulled it through the test
duct and the pilot-scale ESP, and then discharged it back into the Unit 1 s
ductwork upstream from the plant's second-stage ESP. Manually operated
dampers were installed at the start and end of the test duct where It
connected to Unit 1 to shut off the flow of flue gas when the test duct was
not in operation. The entire test duct was insulated with 2-inch-thick
caleium gilicate to minimize heat loss.

3.2.3 Lime Storage and Hendling

Self-unloading bulk trailers of about 20-ton capacity delivered pressure
hydrated dolomitic lime (PHDL) to the test facility as & fine powder. The
trajlers discharged the dolomitic lime pneumatically into storage silo T-5.
During unloading, vent gas displaced from the ailo passed through filter F-2,
which removed particulates, The filtered vent gas was then discharged to the
atmosphere. Rotary vane feeder M-2 and eductor M-40 recycled PHDL from the
vent filter back to the storage silo.

Rotary vane feeder M-1 (under the silo) fed PHDL to inclined acrew conveyor
5C-2, vwhich discharged the lime inte 5,000-gallon alurry makeup tank T-1.
Mixer M{-1 was provided in T-1 to agitate lime and water to make up a slurry
of the desired concentration. During the latter part of the test program,
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caleitic lime was brought to the facility in slurry form by tank truck and
delivered directly to T-1l. This slurry was adjusted to the desired

concentration for test runs,

Slurry transfer pump P-1 transferred the slurry from T-1 to slurry cyclones
CDC-1A and CDC-1B, where fine grit was removed. Degritted lime flowed out the
top of the cyclones into lime slurry feed tanks T-4A and T-4B. The cyclone
underflow containing the grit in concentrated slurry discharged into grit sump
T-2, and then flowed by gravity to grit tamnk T-3,

The cyclone underflow in the grit tank was washed to recover lime and to
reduce the quantity of waste solids. Water was added to the grit tenk to
dilute the grit concentrate, and agitator MX-2, mounted on the tank, kept the
8lurry in suspension. Grit pump P-2 then pumped the grit slurry through
cyclone CDC-2, also mounted on the grit tank. The dilute slurry of lime in
the overflow went to T-1, and the washed grit in the underflow fell back into
T-3.

After the grit had been washed, pump P-2 transferred the grit tank contents to
a settling box. A flexible hose was connected to the discharge of P-2 to
permit this transfer.

After the grit had settled out in the aettling box, the supernatant was
decanted into a wastewater sump located in the pilot plant building., Sludge
was removed manually from the settling box and taken to the dumpster near the
pllot-scale ESP.

AS necessary, sump pump P-4 transferred water from the wastewater sump to the
dumpster to control the dust generated by the discharge of s0llds to the
dumpster from the electrostatic precipitator (ESP} hoppers. This water was
then hauled away with the solids in the dumpster for offsite disposzl. Water
from the sump was also pumped as needed to tank T-1 for use in making up fresh
lime slurry or to tank T-3 to wash the grit.
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Two progressive cavity pumps, P-3A and P-3B, one operating and one spare,
circulated the lime slurry from either slurry feed tank through 20-mesh
strainer F-1 in a pump-around loop that passed tlose to the two points where
slurry wvas injected into the test duct. Pressure controller PIC-101 regulated
punp speed to maintain the loop pressure needed to supply the slurry to each
injection point. Orifice FO-1 throttled the excess slurry before it
diascharged back into the feed tank.

3‘2'4 M

The 3 ft dia. test duct that tied into the ductwork of Campbell Unit 1 just
upstream from its first-stage ESP ran south and then turned west into the
pilot plant building. It then ren straight, passing through the building and
continuing for over 130 feet, in all, until it turned to enter the pilot-scale
ESP. To ensure a uniform gas flow through the test gection, there vas about
30 feet of duct upstream from the first slurry injection point and about

.100 feet downstream from the second injection point ‘Figure 3-3 shows a

portien of the test duct.

Flow sensor FE-100 and flow controller FIC-100, located in the duct upstreanm
from the lime injection, maintained the selected gas flow constant by
regulating the inlet vanes of ID fan V-1.

Two slurry spray nozzles, using compressed air from the plant as the driving
fluld, were used to atomize the slurry and inject it into the test duct,
Figure 3-4 i3 & dlagram of one of the gpray nozzles used during the test,

To achieve the desired pressure at the nozzle, slurry to each apray nozzle was
throttled through pressure control valve PV-102 or PV-103. Magnetic flow
meter FI~107 and sonic flow meter F-108 measured the slurry flow to the
upetream and downstream nozzles, respectively. The pressure of the compressed
air supplied to the nozzles was regulated by pressure control valves PCV-104
and PCV-105.

An extractive on-line analyzer furnished by Lear-Siegler measured the 02 and
502 concentrations of the gas in the test duct. Sample probes were located
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H

upstream from the first lime injection point and downstream from the “»
pllot-scale ESP. The analyzer swiltched between the upstream and the
downstream sample point every 5 minutes. A third sample pocint located at the
entrance of the ESP was used occasionally to measure SO2 removal across the
ESP.

The concentrations of 802 and 02 were displayed at & control panel located
inside the pilot plant building., Parameters such as gas flow rate, slurry

flow rate, and slurry feed pressure were regulated from this control panel.

Three 24 in. dia. manheoles, as shown in Figure 3-3, were installed in the
straight run of test duct. These manholes provided access to the nozzles and
made it possible to inspect the duct and remove deposits from the duct.

3.2.5 ot— s

The pillot-scale ESP was located directly downatream from the teat gection of
the duct. All test loop gas passed through this ESP. The ESP had two fields
in series and two hoppers. At 21,000 acfm, the specific collection area (SCA)
was 165 ftzll,ooo acfm. The average velocity past the plates was close to

3 ft/sec, and the plate spacing was 12 inches.

Lodge-Cottrell division of Dresser Industries, Inc. supplied the unijt.
Section 7 describes the ESP more fully.
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Section 4

SHAKEDOWR

The objJective of the shakedown work was to ensure that the test program could
be carried out in the completed test facility. This involved the following

tasks:

o Checking out the individual items of equipment and the
instrumentation

(] Discovering unforeseen problems

o Modifying the facility to resolve problems and improve the
operation

o Calibrating the instruments and controls

o Learning how to operate the system and develeping procedures
to obtain the data desired

0 Mobilizing personnel and treining the project team

A successful test program required a smoothly functioning facility and a
project team with the needed skills and training.

As noted, equipment checkout began in the later part of September 1986. On
October 8, construction work was officially completed; shakedown continued
through December 22, when work was suspended for the holidays.

4.1 MODIFICATIONS TO THE FACILITY
The shakedown work indicated the need for & number of modifications:

o To operate the duct shutoff dampers every day, platforms,
and access ladders were needed,

o The position of the dumpster that received waste solids from
the electrostatic precipitator (ESP) had to be changed. 4
way of moving the dumpster to distribute the load was also

required.

o One length of the mixing paddles in the waste sclids screw
conveyor had to be replaced by a screw flight to keep the
conveyor from plugging.

R2:831llr 4-1
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0 The rotary valve under the upstream ESP hopper was slowed
down by installing & larger driven sprocket. This reduced
the load on the motor.

(<] A turning vane was installed in the 30° bend in the duct
Just upstream from the first injection point. This
distributed the gas flow more evenly over the cross section
of the duct,

-] The two manhole openings in the duct ahead of the injection
points were faired over by making saddle-shaped inserts that
conformed to the inside surface of the duet.

¢ The downstream slurry lnjection point was moved from a point
25 feet dovnstream from the upstream point to a point
40 feet downstream from the upstream point. This reduced
deposits at high upstream Injection rates.

© In-line screens were installed ahead of the lime slurry
cyclones to prevent large particles from clogging the fine
openings in the cyclones.

4.2 OPERATING FROCEDURES

Operating procedures were develecped that enabled the éystem to run at
near-constant conditions for reasonable periods of time. This activity
constituted a large part of the shakedown effort. Deposition of solids in the
duct limited the length of the test periods; the initial work focused on
mitigating this problem. '

To explore factors responsible for deposition and to determine acceptable
operating conditions, the system was operated for 3 tb 4 hours each day.

Then, the system was shut down and inspected, conditions inside the duct were
observed, and the subsequent course of action was decided upon. The primary
parameters that were varied included: types of spray nozzles, injection rates
of water and slurry, and gas flow. As this work progressed, the S0,/0

272
monitor was put in service, and ways of increasing 502 removal were explored.

The following procedures and conditions, which avoided exceasive deposition

and achieved SO2 removals approaching 50 percent, were selected:

o Spraying Systems Casterjet nozzles with a 5-50 tip were
used, with air and liquid orifices 0.191 in. dia. and
0.163 in. dia., respectively. )

RR:8311lr §4-2
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© The nozzle was carefully adjusted te point parallel to the
duct centerline. This adjustment was extremely critical.
It was best done by getting inside the duct and observing
the pattern of water sprayed from the nozzle and then
pointing the nozzle to wat the duct walls evenly.

o The flow of slurry or water to the nozzles was limited to
1.2 gpm through the downstream nozzle and about 1.5 gpm
through the upstream nozzle to minimize duct deposits.

¢ For 50, removals close to 50 percent, the downstream or
spraydown temperature had to be about 160°F, and the lime
feed ratic (LFR) about 2.0 moles of hydroxide (OH) per mole
of S0, entering. With the limitation on liquid injection
rates, this meant that gas flow could not exceed about
30 ft/sec and that slurry had to be injected through both
nozzles in series. Single-stage slurry injection at S0,
removals close to 50 percent caused major wall depositions.

o Since the downstream nozzle had a greater tendency to
deposit solids on the duct walls, flow to it was kept
constant and flow tc the upstream nozzle was varied to keep
the dovnstream temperature constant.

¢ The buildup of sclids was progressive:; depogits on the duct
walls increased the amount of impingement of spray droplets,
thereby accelerating deposition. For thils reason, the
system was shut down every day and the duct inspected and
cleaned,

4.3 DATA ACQUISITION

The routine operating information included the data obtained from measurements
needed to control the system and to assess its performance. Information on
the analytical and calibration procedures used can be found in the
appendices, The following data were normally recorded by the operator at 10-
to 30-minute intervals.
¢ Time
o Gas temperature into the duct, in the downstream end of the
duct (upstream from the ESP), and downstream from the ESP
(upstream from the induced-draft [ID} fan)
o Gas flow into the duct

o Gas opacity downstream from the ID fan

o Atomizing air to each nozzle - pressure and flow

RR:8311lr 4-3
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° Liquid or slurry to each nozzle - pressure and flow

o Lime slurry pump-around loop - pressure, upstream and
downstream from the screen

o Sulfur dioxide concentration in the gas, upstream from the
injecticn and downstream from the ID fan (alsc in the
downstream end of the duct in later tests). Gas was sampled
alternately at these two points on a 1G-minute cycle.

¢ Oxygen concentraticn in the duct at the same locations and
: frequency as 50, concentration

© Voltage and current of each ESP field

o Slurry feed tank level, at approximately l- to 2=hour
intervals. The glurry flow meters were not reliable enough
to measure injection rates for performance calculations, so
timed differences in tank levela were used instead.

Besides the above entries, each data sheet indicated the date of the test,
objectives or special conditions, nozzle identification and location, lime
type, slurry concentration and alkalinity, and any other significant remarks,

occurrences, or obaervations,

These data allowed LFR, 302 removal, and lime utilizatjon to be calculated
for each aset of observations. Figure 4-1 is an example of a data sheet.

4.4 ESP TESIS

During the shakedown period, the performance of the ESP was tested for 5 days,
from November 1B to 22, to verify that the ESP vas operating satisfactorily.
These tests consisted of simultaneously determining the concentration of
particulate matter in the gas upstream and downstream from the ESP while the
system operated at constant conditions, Tests were carried out with and
without injection of lime.

Without injection, the particulate removal efficlency of the ESP was
approximately 95 percent. As expected, Injection of lime slurry and the
resulting lower temperature improved the performance of the ESP enough to
offset the increased loading of solids and maintain the emiassions about the

same as they were with no Injection. Therefore, the ESPF operation, with and
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without lime injection, was judged to be satisfactory. Section 7 presents the
results of these tests in more detail. .

The waste products collected by the ESP wvere a mixture of fine coal ash,

s

reaction products consisting of sulfates and sulfites of calcium and
magnesium, and unreacted lime. The waste wvas & fine, dry, free-flowing
powder, Ro problems were encountered in discharging the material from the ESP
hoppers.,

b
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Section 5

S0, REMOVAL TESTS

Numerous tests to remove sulfur dioxide from flue gas using the Confined Zone
Dispersion (CZD) process were conducted from January through July of 1987.
These tests were performed to evaluate specific parameters and duration -
aspects observed during the CZD process. The results of these tests are
described in this section.

5.1 PARAMEIRIC TESTS

The goal of the parametric teats was to determine how certain operating
variables affect the performance of the CZD process and to optimize the
performance. The parametric tests were carried out from January 1987 through
April of 1987.

5.1.1 Approach

The way in which the performance wags evaluated, the independent variables
studied, and the test procedures followed are described below.

Measures of Performance. Three measures of performance vere determined:
o Depogition of Scolids in the Duct. The objective was to be

able to aperate the gystem for prelonged periods without
interference from accumulations of Solids in the duct.

Since deposition must be minimal for a succesasful commercial
process, this measure received the highest priority.

o Sylfur Dioxide Removal. The objective was 50 percent

removal of S0,.

o Lime Utilization. The objective was high utilization of the
lime, but this was given a lower pricrity at the present
stage of development than the other two measures.

Test Procedure. The parametric tests normally lasted for 3 hours, with
conditions kept as constant as poasible during that time., However, because
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the temperature of the incoming gas and the concentrations of 50, and 02

2
in the gas could not be controlled, test conditions often varied to some

extent.

The operating procedure involved maintaining gas flow through the system all
night to keep the electrostatic precipitator (ESP) warm. The ESP was kept
warm so that it could be energized without drawing exceasive curreant. During
the night, gas flow was turned down and power to the ESP was turned off. 1In
the morning, the gas flow was increased to the maximum for about 10 minutes to
blow out the fly ash that had settled out in the duct overnight. This

. procedure would remove the fly ash but not the test deposits. The
induced-draft (ID) fan was then shut off, the shutoff dampers connecting the
_system to the large ducts on Unit 1 were closed, and the three manholes in the
strajight run of duct were opened. After the duct had been purged and cooled
with a ventilating fan, the inside of the duct was inspected to determine the
extent of the deposits from the preceding test and the cause of those
deposits. The deposits vere then cleaned out. The quantity of deposits from
the upstream and downstream nozzles was measured by counting the number of
S5-gallon buckets of solids that were removed. A bucket contained 30 to

40 pounds of dry solids,

While the gas flow was off, the windows on the opacity monitor were cleaned

and the instrument was zeroced.

¥hen the duct was clean, the manholes were bolted closed, the shutoff dampers
were opened, and the ID fan was started. Gas flow was maintained it a high
level to Keep fly ash from settling out in the duct and to warm up the
system. After about 30 minutes, the ESP was energized.

The 502 and 02 monitor was usually calibrated at this time. Then, when
the system was ready, the gas flow was adjusted to the desired rate and

injection of lime slurry began.

Two nozzles were nearly always used for injection, with either water or lime
slurry injected upstream through Point 1 (see Figure 5-1), and lime slurry
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through the downstream nozzle. Until January 15, Point 2, 25 feet downstream
from Point 1, was used for the downstream nozzle; subsequently, Point 3, 40

feet downstream from Point 1, was always used.

During a test, the incoming gas flow was kept constant, as was the flow of
slurry through the downstream spray nozzle. The dowvnstream temperature,

. - measured about 120 feet downstream from Point 1, was kept at the desired level

by manual regulation of the flow of water or slurry to the upstream nozzle,
The downstream temperature was measured with a thermocouple having a shield
1/8 inch in diameter. The junction was located at the center of the duct.
Although the temperature over the duct cross section at this point was
reasonably uniform, air leaks from nozzles on the top often caused lower
temperatures at the top. For this reason, T 118, vhich penetrated only

6 inches intc the duct, wag not normally used for control.

Data from the Instruments were recorded at 10— to 30-minute intervals during a
test,

- Flow meters FC 107 and FC 108, which measured liquid flow to the spray nozzles
were used for contrel, but the average slurry flow rate was determined by
measuring the feed tank level and noting the time periodically. Figure 4-1
showed a typical entry.

After lime was injected for 3 hours (usually), the test was terminated by
shutting off the slurry to the nozzles, turning down the gas flow, and
deenerglizing the ESP. The system was then left in this condition overnight.

Appendix F shows how 502 removal, lime feed ratio (LFR), and lime
utilization were calculated from dats taken during a test. In most cases,
these measures of performance were calculated for the data taken at each time
of observation and then averaged for the 3-hour test.

Since the 502/02 monitor switched from one to the other of the two sample
points every 5 minutes, a set of readings usually took about 10 minutes to
record. Changes in incoming gas temperature and in S0, and 02

2
concentraticns during this 10-minute interval caused some scatter in the data.
RR:82791 ) | 5-4
Part 2

74



Parameters Studied. The parameters or independent variables studied to
improve performance were the following:

© Bozzle Types and Assemblles. To minimize deposition, it was

egsential that the slurry be atomized into the finest
droplets possible. To avoid impingement of these droplets
on the walls of the amall-diameter duct, the spray angle
had ¢to be narrow.

o Slu [ . Concentrations from 8 to 22 percent
vere tested. The 20-mesh slurry screen tended to clog with
lime at the higher concentration.

o Ges Qutlet Temperature. A close approach to the adisbatic

saturation temperature, which was about 125°F (see

Appendix F), was necessary for high 50, removal and high
lime utilization as it 1s in aspray dry FGD systems. Gas ,
outlet temperature was l60°F in most of the tests and ranged
from 150°F to 180°F in the others.

o Gas Velocity., The gas velocity in the ductwork is normally
50 to 60 ft/sec in power plants at full load, and falls off
as load decreases. The gas outlet temperature in most power
plants decreases with load as well. Gas velocities from 20
to 60 ft/sec were gtudied in this serles of tests.

o Lime Slurry Inlection Rate. To keep the temperature

downstream constant, the injection rate was varied with
changes in gas flow and with incoming gas temperature,
Increasing the slurry flow to a nozzle decreased the ratio
of air to slurry and thus csused the spray droplets to
increage in gize. Consequently, the slurry injection rate
affected the droplet size and therefore drying rate and
deposition.

] Asomizing Ajir Pressure. With a given spray nozzle assembly,

higher air pressures resulted in higher air flows and finer
atomization., In most tests, the alr preasure was kept as
bigh as possible (90 ppig); but in some tests, lowver
pressures were employed in order to ohserve thelr effect.

o Other Limes. Pressure hydrated dolomitic lime was used in
most of the parametric teats, but samples of several other
limes were tested as well.

5.1.2 BResuylts

Test data have been arranged to compare results that ghow the effect of each
parameter that was varied. The way each of the parameters cited above was
varied is described below. Algc described are the effects of parameter
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variation on solids deposition and 502 remeval. Correlations relating

parameter levels to SO, removal are presented in Section 6, in this part,

2
and in Section 6 of Part 3.

va on o . fifteen different combinations of spray nozzles and
nozzle agsemblies were tested. Table 5-1 lists the nozzle combinations;
‘Table 5+2 summarizes the results of testing them. The most important
criterion of performance iIn evaluating nozzles was the emount of solids that
they deposited in the duct. To minimize deposition in this small-diameter

duct, very fine'atomi:ation and a narrow spray angle were required.

Only three of the nozzle combinetions definitely succeeded in depositing less

than 60 pounds of so0lids in the duct during & 3-hour test with slurry injected
at the rate of about 1.2 gpm. These combinations, identified as Types 34, 4,

and 5 in Table 5-1, were all the Spraying Systems Casterjet model with a 5-50

tip. The gize of the air orifice was the only difference between them.

Nozzle Type 9 showed promise, but the fine passages clogged up on the second
trial and, as a result, the nozzle was considered unsuitable., Rozzle Type 10
also showed promise in the test on February 9, but in a second test on
February 23 under the pame conditions, except for a higher air pressure,
considerably more solids were deposited., Omnly when a higher slurry
concentration'was used on March 31 was the initial result reproduced,
Additional details on the performance of these nozzles are contained in

Appendix D, "Duct Inspections,” of the Monthly Technical Progress Reports.

From Table 5-2 it can be seen that deposition is decreased by:

o Higher downstream gas tempersature. Compare tests on
January 20, January 29, and January 30

o Higher concentrations of lime slurry. Compare tests on
February 14 and February 16 with those on February 9,
Fehruary 23, and March 31

o Lower rates of slurry injection. Compare tests on
January 19, January 20, January 27, and January 28; compare
the test on January 29 with that on January 31, and the one
on February l4 with that on February 16
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11
12
13

14
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Table 5-1

NOZZLES TESTED

Description

Spraying Systems Co. (SSCo) CJ nozzle with air/liquid orifices
0.150/0.144 in. dia. and a tip with a sharp 0.30 in. dia. circular
orifice

Same, but orifices 0.185/0.163 and 0,375 orifice tip

Same, but orifices 0.232/0.163 and 0.375 orifice tip

Same, but 5-50 tip

Same, but oriflces 0.185/0.163, 5-50 tip

Same, but orifices 0.191/0.163, 5=50 tip

Same, but orifices 0.185/0.163, 5-30 x 60 tip

Same, orifices 0.191/0.163, 5-30 x 60 tip

Delavan 31325 nozzle, SL-5 tip (air and liquid orifices are fixed
in thia nozzle) -

Turbotak 6-orifice nozzle

Turbotak single orifice nozzle

§SCo 0.232/0.191 with 8-60 tip

Heat Systems Sonimist nozzle, 1100-1
§8Co 0.232/0.163 with 15200 tip

Parker Hannifin two-fluld nozzle
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Additional date showing the effects of these three variables are presented
later in this section.

act Slu ceptration. Test results showing the effect of
varying lime slurry concentratlion are presented in Table 5-3. Because all the
conditions eXcept slurry concentratjon were the same in each palr or group of
tests, the LFR in each group increased In proportion to the slurry
concentration, The increase in LFR caused SO2 removal to rise and lime
utilization to fall with increased slurry concentration. The change in LFR
‘and its effect on removal and utilization masked any influence that
concentration may have on 802 removal or the rapidity with which a droplet
of slurry captured 802 in the gas.

Slurry concentratjon does affect deposition in the duct as noted above. Per
Table 5-3, in every comparison but the first, the deposits were less at the

higher concentrations and significantly less in several of the comparisons.

Effect of Downstream Gas Temperature. The downstream gas temperature or, more
| correctly, the approach to gaturatjon, is one of the most important factors in
spray dry FGD processes. Most of these tests wvere run at gas outlet
temperatures between 150°F and 180°F. Since the adjabatic saturation
temperature was about 125°F (see Appendix F), the approach to saturation thus
ranged from 25°F to 55°F.

Table 5-4 ghows that in every comparable group of tests & lower outlet
temperature caused greater 502 removal and higher lime utilization.

Although this effect was enhanced in some cases by a higher LFR at lower
temperature, in fi%é of the nine comparisons in Table 5-4, LFR is essentially
constant; removal and utilization are conaideraﬁly higher at the lower

temperatures,

Deposition in the duct 1s alsc much greater at lowver gas outlet remperatures,
as would be expected from the slower drying at a closer approach te
saturation. In Table 5-4, this effect is shown most clearly by the weight of

deposits from the downstream spray mozzle,
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as Vv ty. Gas velocity, like lime concentration, was not a
'truly independent variable in this system, and its effect is therefore
difficult to discern. An increase in gas velocity brings more SO2 inte the
system, and unless this is matched by increasing the slurry injection rate,
the LFR decreases. Thus, a change in gas velocity causes either LFR or slurry
injection or both to change. Table 5-5 compares tests at different gas

velocities,.

In three of the comparative groups in Table 5-5, the LFR is nearly constant
(January 6 and January 8, February 20 and February 19, February 6 and

Februsry 11), but the results are contradictory. The S50, removal is about

2
the same in the firat case, higher at lower velocity in the second case, and
1owqr at the lower velocity in the third case. It does not appear that gas

velocity by itself has a strong influence on 502 removal.

With regard to deposition, there were more deposits at the higher gas
velocities in some cases, but these can be explained by higher slurry
1ndection rates in these cases. The slurry injection rate is discussed

further below.

Effect of Lime Sjurrv Injection Rate. Because it affects the LFR, slurry

injection rate is not a truly independent variable. Alsc, increasing the
injection rate through a given nozzle increases the 8ize of the spray droplets
conaiderably. In these nozzles, the atomizing air flow is constant at low to
moderate slurry injection rates, and then air flow falls off as slurry flow
increages further. Thus, the ratio of air to liquid decreaaes-shirply with
slurry flow, and this causes poorer atomization and larger droplets.

The effect of larger droplets on 502 capture is not expected to be great, as
the decreased liquid-gas interfacial area offsets the longer drying time, The.
changes in 502 removal shown in Table 5-6 can be reasonably explained by
changes in LFR or by experimental uncertainty. However, increased injection ..
rates do significantly increase deposition in this small duct, as discovered
during the shakedown. With the type 5 spray nozzles using air at 90 psig,

deposition in this duct increased greatly as injection rates were rajsed past
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L

1.2 gpm to 1.5 gpm. Table 5-6 shows this clearly when tests on the following
dates are compared: January 30 and February 2, January 29 and January 31,
February 14 and February 16, and March 26 and March 27. On March 24, the
injection rates of 2.]1 to 2.3 gpm through the upstream nozzle caused heavy

deposition.
- Effect of Atomizing Air Pregssure. Since increased air flow improves

atomization in a two-fluild spray nozzle, the maximum air pressure available in
this system, 90 paig, was used in nearly all of these tests. One group of
comparative tests at different pressures was run, and the results of these
tests are shown in Table 5-7, The air pressure was varied to the downstrean
nezzle and was kept constant at 90 psig to the upstream nozzle.

Unfortunately, the incoming gas temperatures were quite different in these
three tests so that upstream injection rates and therefore LFR values were
algo differgnt. The different S0, remcvals reported in Table 5-7 probably

2
reflect the different LFR values rather than any effect of the ailr pressure.

Deposition from the downstream nozzle showeﬂ;some increase as atomizing alr
pressure decreased from 90 to 70 psig. Deposits from the upstream nozzle were
greater at the high upstream injection rates used.

Performance of Other Limes. As noted, all the parametric test results

@iscussed so far in this section used the pressure herated dolomitic lime
{PHDL) supplied by the Rockwell Lime Co. However, fouf samples of lime from
other sources were tested, as shown in Table 5-8. The first group of tests
indicated in Table 5-8 used the same PHDL from Rockwell Lime Co. as noted
above, and these data are included for comparison. The other four samples
were a wet slaked calcitic lime as used at the nearby Sims Station, another
sample of PHDL from U.S. Gypsum, and two other pnmples of hydrated calcitic
lime that were obtained in dry form and individually slurried; one from U.S.
Gypsum, the other from a local source.

Of these other lime samples, only the wet slaked calcitic lime appeared to
perform better than the Rockwell PHDL. Not only were the SO2 removal and
lime utilization percentages higher, but the tendency to deposit sclids ip the

RR:8279r - 5-16
Part 2
86



Z 339y

IR SUH) NUARD PONRIS 18M = 1)
1Hd = 1
niEs = M
WEISUMOP = 5P
weensdn = 5m pusBe

0718 9 ey LiiovZ-1t B10 BL

wnsdAD SN woy erepAy ewy e | o 0 (=4 060 "4 N §020 | S1M M s § 091 o 1€ "
80in0s @30 ‘Bipdy owy 2wore) | or2 (1] i | e " S goro | s M S S 01 o e &K
82Ncs 800+ ‘epesphy sum 2D | 09 0 8 01 '+ z o190 | SN M S 5 051 o 6¢ 25
%S L5°G 20 ewnsee
“dout sezAieue °Q ‘wnsdAg SO WOy YAHA | orz ] 2 Wo{ & 1 feror ] s M ] ] 084 o 0¢ i/
%G55 40 ownsse
" dou swzheue 20 ‘wosdAD SN woy 1GHd | 002 0i " W0 oc €1 Vit | SN M S S 081 o 0€ v
ouy Jniom paves e | g 02 or Y] " 2zl gigt | a0 M s 5 091 oc 0¢ oz
ouy) e pexus wm | ¢ s et TN & FA U0t | s M ] 5 081 ot 82 CTY
1584 |0 yed ‘Cuopuco
GuyESEq 0D SWH) RWPOY WOy JHA |  ON aN 1€ Yo ®2 sty | v | sy M s S 091 0€ 9o Y 2
| ] . T
SWBSE] <07 MuN] om0y WON YaHd |  ON an st o e li ri | M s 5 081 oc Y sy
svogpuga | o T -
SOSE] "0 W MO0 WX JQHd | SEI 0 2 160 52 ] 6090 | S11 M 5 5 001 of 2¢ w
s am o onry | (w) " m "w m ” yn W) | (oeem) )
spunwey (o uopezinn | peey | waowey |  (wdB) mory (s4) 2u0d prnyy sdiy o/p dues{ AIOWA | oaeing | *10
sisodeq 10Q ouy | swn| fos pe— e
SANM HIHL0 40 IOINYWHOSHAD
8-S 8iquy
uyas g¢ ‘Gisd 0y “epzzou p "siw Buzuwoly or 0 1 9t 29 z1 Ze1e 121 (VA s g 091 L ot 128
wjs gg 'Bisd 08 'ajzzou s/p e Buzwory | or 0s o jee| o | v |ewmi | iz ] izn g s | o | oe o€ ez
unas zp ‘isd o6 "opzou sp e Sumwory | 51 0 o ez | o | 2z si6 | 127 ] 121 5 ] 9l 0c e £
L . W fopey] (w) | WP 1 Y0 4 WP | | WP L WA | ) | e | ]
ooy (o uoIHiN | paey | jerowey |  (wdf) mory (%) ‘303 piryy sdiy WP duwaL} MROHOA [ o tema | 140
sysodaq jong oy | swp 0§ “IzoN ey
JHUNSSIHd HIV DNIZINOLY 10 1I3443
4-S dquL
Y "

5-17
87




duct appeared to be slgnificantly less. For these reasons, the wet slaked
caleitic lime was subsequently used in most of the duration tests that are
described in Section 5.2.°

Miscellanecus Tests. 4 number of miscellaneocus tests were conducted to obtain
preliminary information on various factors that seemed to have some
possibility of significance. HNone of these experiments showed any important
or significant effect, however., Table 5-9 gives these results, and each
experiment is discussed briefly below.

Effect of Freshly Made Lime Slurrv. On February 13, the performance of
freshly made slurry wasg compared with the performance of a batch that was
-about 10 days old. The test was started in the usual manner using the clder
slurry from the large feed tank. The feed pump suction was then shifted to a
" barrel containing freshly made lime slurry having the same concentration as
the older batch., Table 5-9 shows that no significant change in removal or
utilization was observed,

to Li rry. After the barrel had been
refilled once or twice for the test described above, s gallon of 4 percent
" acetic acid (vinegar) was added to the slurry in the barrel to test the
effectiveness of an organic acid in promoting SO2 removal. As can be seen
in Table 5-9, no asignificant change in removal cor utilization was observed
from the acetie acid,

Effect of Adding Caustic to Lime Slurryv. Two trials in which caustic was
added to a small batch of lime slurry during a test failed to show any

significant effect on 802 removal beyond that expected from the increase in

" LFR resulting from the added alkali. Table 5-9 shows the results.

The absence of any observable improvement in removal from the caustie suggests
that dissolution of lime is not a rate determining step in the capture of

SO2 under the conditions of this test.
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Effect of Adding Flv Ash to Lime Slurrv. On April 13, a slurry of waste -
"solids and lime was Injected. The alkalin;ty of the slurry that was used to
calculate LFR was determined by titration.

" On April 24, fly ash (without reaction products) was slurried with lime and

“ digested overnight at 160°F. The objective was to discover whether the

: products of & reaction between lime and fly ash were more reactive than lime
alone.

Reither of these experiments showed any large effect on 302 capture, and the
high solids concentration in the slurry did not appear to decrease deposition
in the duct. '

Effect of Duct Deposits on SO, Removal. The test data do not appear to
indicate that deposition in the duct bad a significant effect on‘SO2

- removal. A linear regression analysils was made of the removal versus time
data for geveral teste where the deposition wee heavy and for twe tests with
- no deposition (see Appendix B.6 for details)., In most of the cases, removal

increased about 2 percentage points after a 2-hour period. This effect of

- .deposition 18 not entirely consistent, however. Removal decreased with time

~z+in two of the tests with heavy deposita, but it increased more than 2

percentage points in two other tests with heavy deposits.

Since the average removal from each test was used in analyzing the data, these
small increases in removal will not affect the overall conclusions, even

though they do contribute to the scatter of the data,

o o oval. Although removal of nitrogen
oxides (Nox) was outside the scope of this project, some easily-carried-out
analyses were made (see Appendix B.7). A "sniffer” gas sampling device
supplied by Gas Tech was used: it is described in detail in Appendix D.7.

The “sniffer"” drew & fixed quantity of gas through a small glass sampling tube
packed with solid adsorbent that changed coler on contact with Nox.
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In tests carried out during November 6, 1986, and January 29, 1987, it was
suggested that injection of PHDL slurry might be removing a significant
percentage of the Nox from the flue gas.

To verify these indications of nox removal, several analyses were performed
with a4 Thermoelectron chemiluminescent analyzer on February 10, 1987 (see
Appendix G). The analyses showed no indication of any significant removal of .
nox imder various conditlons of temperature and injection of PHDL slurry

into the gas.

These findings deserve further study, particularly in consideration of the
substantial Nox removal measured during the Seward station teating (see

Part 3).

5,1.3 Discussion of Parametric Tegts

A goa; of this project was to demonstrate 50 percent removal of 502 from

flue gas under operating conditions that could be gustained for long perlods
of time without building up excessive deposits in the duct, These conditions
wvere intended to aimulate thoge in & full-scale utility plant as closely as
possible., Although 50 percent 802 removal was achieved, prevention of
exceasive depogsition in this small duct required that slurry injection rates -
be limited. This condition also required limiting gas velocities to levels
below those found in full-scale plants.

Limitation of Slurrv Injection Rate. With injection through two nozzles in

geries, flow must be less than 1.2 gpm through the downstream nozzle, and
somewhat more than 1,2 gpm but less than about 1.5 gpm through the upstream
nozzle. This limitation on slurry injection rates also limited gas flow
through the gystem if the LFR was to be high enough to remove 50 percent of
the 302 at incoming concentrations of 1,400 to 1,600 ppm.

The tests on March 10 and March 11 showed this performance, A 21 percent
slurry was injected at about 1.5 gpm through the upstream nozzle and 1.2 gpm
downstreanm with an incoming gas velocity of 30 ft/sec. Sulfur dioxide removal
wvas close to 50 percent, LFR was about 2.9, and lime utilization was
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18 percent. After over 13 hours of. operation, 60 pounds of solids was

. deposited downstream from each nozzle. To lower the amount of deposition in

the system, lower injection rates and thus lower gas flows would be required.

The gas velocity at 30 ft/sec in the above test is considerably less than the
50 to 60 ft/sec in most utility ducts. It should be emphasized, however, that
the short distance between the atomjzer and the duct wall in this small
diameter (3 feet) test duct is the primary cause of this limitation on the gas
flow, In a full-scale duct, spray nozzles could be mounted further from the
duct walls and épray angles could be wider without causing wet droplets to
impinge on the walls.

Lime Utjlization. Two limiting cases govern the rate-at which a droplet of

glurry captures S0, from the gas., The first and festeet case ig when

2

 diffusion through the gas film at the gas liquid interface limits the rate.

The second and slowest case i8 when dissolution of lime 1s controlling the
rate (References 5-1 and 5-2).

S

" When the gas film controls the rate, the more rapid dissolution of lime keeps

the pH in the agueous phase high enough that the liquid film on the droplet

“~". gurface 1s alkaline and 50, reacts as soon as it diffuses through the gas

2
film. With the liquid phase alkaline, the magnesium hydroxide in dolomitic

lime, which is less soluble than calcium hydroxide, will not dissolve and will
therefore not react.

In the other extreme, when dissolution of lime is limiting, the S50, must.

2
dissolve in the liquid phase and reach the film surrounding the lime particles
before it can react. 1In this case, with free So2 dissclved in the aqueous
phase, the pH is low and the magnesiun hydroxide can dissclve and react,

Also, a larger percentage of the lime will react, giving improved utilization.

High removal of 302 from flue gas from medium- to high-sulfur ctoals requires
lime slurry concentrations of 12 to 15 percent or higher. The high lime
slurry concentrations tend to keep the liquid phase alkaline which suppresses
the dissoultion of magnesium hydroxide. Thus, in these cases, high
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utilizations of dolomitic lime, even of the reactive PHDL, may be harder to
achieve than with reactive CL. This may be why the wet slaked CL performed
better than the PHDL.

5.2 DURATION TESTS

The goal of the duration tests was to operate the system continuocusly and
demonstrate sustained 50 percent SO2 removal. Operating continucusly also
provided the opportunity to identify any problems, such as wear of the
nozzles, that might not be observed during shorter tests.

5.2.1 Appreach

For the duration tests, the facility was operated 24 hr/day, beginning on

May 7. Operatiocns continued with as few interrupticns as possible umtil

June 15, when a forced outage on Unit 1 terminated the activity. Testing was .
resumed on July 22 until the program was completed on July 28.

It wvag intended that the sgystem operate continuously from May 7 untlil May i9
when the electrostatic precipitator (ESP) tests began. After May 19, the
hyatem was to be operated to provide conditions desired for the ESP tests that
were to be made each day. This involved dally shutdowns for duct cleaning

(see below),

The performance of the CZD process during this pericd of around-the-clock
activity is discussed below., Sulfur dioxide removal, lime utilization,
deposition of solids in the duct, and the behavior of critical items of
equipment were again the measures of performance. Section 7 describes the ESP

tests that were carried out at the same time.

The parametric tests had shown that deposits would collect in the duct umless
the slurry injection rate through the downstream spray nozzle was kept below
1.2 gpm. To have the LFR high enough to achieve 50 percent removal of soz
with this low injection rate, gas flow through the duct had to be limited,
Therefore, to allew continuous operation with 50 percent SO2 removal, the

following baseline conditions were established:
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‘0 Incoming gas velocity - 20 ft/sec
o Downstream temperature - 160°F

o Slurry injected through two nozzles in series, with flow
through the downstream nozzle limited to 0.8 gpm

¢  Since the wet glaked calcitic lime had performed somevwhat better than the

PHDL, it was used for all the tests where lime was injected from May 12
through July 25.

As noted, the intention was to operate the system as continuously as possibdle

from May 5 to May 19, when the ESP tests began. At first, the duct was to be

~ opened and inspected each day until the absence of deposits showed that the

gystem could run for longer periods without stopping. Although the system did

run for 15 to 20 hours at a time without deposition, a number of umexpected

equipment problems made it advisable to stop each day long enough to inspect

o the duct and clean it out when necessary. Ihese problems included frequent

_ sticking of a lime slurry control valve, failure of sonic slurry flow meter

FI-108 to read accurately at low flows, wenr in the atomizer nozzles, and
buildup of scale in the piping and nozzlga. The last two problems were caused
by the longer pericds of coperation. By the time all theae preblems had been
diagnosed and corrected, it was time to begin the ESP tests.

The ESP tests normally began in the afternoon when the system was started with
the gas flow at 20 ft/sec and brought to the desired temperature by injecting
the lime slurry. These conditions were maintained overnight. In the morning,
the gas flow and injection rate were increasgsed to the rate for the test, and
particulate sampling began. Particulate sampling usually required about

4 hours for two teats. Then the system was shut down; the duct was opened,
inspected, and cieaned; and the next test was ready to start, This schedule
limited operating periods to about 20 hours, with gas flow at 20 ft/sec for
about 16 hours and at a higher velocity for 4 hours.

The higher slurry injection rates needed to maintain the desired temperature
at gas flows of 40 to 50 ft/sec caused deposits to build up rapidly in the
duct., These deposits had to be cleaned out after each episode.

RR:8279r 5-24
Part 2
94



-

Besides varying the gas velocity, tests were made at several downstream
temperatures and at different concentrations of lime. As noted, most of these
duratlon tests used the wet slaked calcitic lime as a 12 percent slurry.

Table 5-10 summarizes these test conditions and the results.

In a number of tests nothing was injected; in others only water was injected.
The primary purpose of operating at these conditions was to compare the
particulate removal in the ESP with the removal when lime was injected. But
thege conditions also provided an opportunity te better characterize the
system a8 to heat loss, air in-ieakase, and performance of the sampling
systems on the 502/02 menitor. These tests are described in Appendix B,

When the gyatem was restarted on July 22 after having remained idle for the
preceding month, a number of problems were encountered, including clogged
filters and leaking solenold valves in the sampling systems for the 502/02
monitor. 1In addition, the 02 analyzer responded gluggishly and often seemed .
tc read too low. Since these problems were not completely resolved during the
6 days of operation, the SO2 and O, concentratlons observed during this

2
period are less rellable than in prior tests.

5.2.2 Results

Table 5-10 gives the duration test conditions and summarizes the results of
the duration tests, These results supplement the information acquired from
the earlier parametric tests, and several items are discussed below,.

The apparent 502 removel vhen nothing was injected provides a good check on
the sozloz monitor and its sampling system. The negligible removals shown
in the tests on May 31, June 1; June 7, June 8; and June 13, June l4 are
evidence that the nmonitoring system was working well., The 3 percent 802

removal shown on July 26 indicates that the concentration measurements were

less accurate at that time,
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The ] to 2 percent S0, removal showﬁ with water only injected on June 1, -

June 2; June 14, June215; and July 22, July 23 is probably due to SO2

capture by bicarbonate in the water, Residual alkaline material on the inner
surface of the duct, and the ESP may have captured some SO2 at these low
temperatures also.

The heavy deposition in the duct on May 12 and on May 13 through May 15,
compared with that on May 19 and May 20, is due in part to the longer period
of operation on May 13 through May 15. Reduced atomizing alr flow was another
factor. Ailr flow to both nozzles was lower during the first two tests than it
was on May 19 and May 20 and also lower than it had been in earlier tests.

The reduced flow was a result of lime scale that accumulated in the air
passages of the spray nozzles. This accumulation reduced the air flow from
48 scfm down to 41 scfm Iin each nozzle. VWashing the nozzles out with vineger
on May 16 restored the air flow and that contributed to keeping the duct clean
on May 19 and May 20.

Comparison of the data from May 19 to May 20 and May 29 to May 30 with those
of May 20 to May 21 and May 21 to May 22 showa how higher rates of injection
increased deposition.

Increasing the lime concentration decreased deposition, as found earlier. The

test on May B should be compared with the ones on May 11 and May 12.

Nozzle wear, which had not been detected up to this point, now began to appear
with the longer perliods of operation. On May 16, 1t was observed that the
target bolts on both nozzles were obviously eroded. Slurry entered these
nozzles through an orifice whose axis is perpendicular to the nozzle center
line. The slurry stream impinged onto the flat end of the target bolt and the
spray mixed with the air that jetted in along the nozzle centerline (see
Figure 3-3). When the target bolts wvere replaced with bolts having hardened

surfaces, no further wear was obhserved.
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Besides the target bolts, the inside edges of the nozzle tip, which had been
gharp, were found to be rounded. The worst worn tip was replaced with a new

one.

Ko wear was detected on the slurry orifice in the nozzles.

.The fact that the slurry cvclones removed nearly all of the plus 100 mesh gric

from all the limea used in these tests is very likely the maln reason erosion
in the nczzles was not found to be more severe. '
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Section 6

ARALYSIS OF 50, REMOVAL DATA

As pointed out In Section 5, it was not possible to lsolate most of the
variables in this process to determine their effects separately. Therefore
regression analysls was used to better find out how the various parameters
affect the removal of 502. This section describes the regression analysis:
the program, the variasbles selected, and the results for both pressure

hydrated dolomitic lime (PHDOL) and freshly slaked calcitic lime (CL).

6.1 APPROACH

For the purpose of the regression analysis, data from the parametric tests
were combined with those from the duration tests. For the most part, the test
data using PHDL were from the parametric tests, while those for CL came from
the duration tests. Appendix A tells how the data were corganized for this
purpose.

As described in the test procedure, the inlet gas teémperature and the inlet
SO2 concentration could not be controlled, and they often varied
significantly during the 3 hours or longer that a test lasted. Moreover, the
measured concentrations of 502 and oxygen were sometimes subject to some
uncertainty depending on the state of the gas sampling system., These random
variations obscured the effects of less influential variables such as incoming
gas temperature and gas flow rate, For these reasons, regression analysis wvas
used to provide a more detajiled and more reliable znalysis of the data than

was possible by comparing results of different teats.

6.1.1 Regression Analvsis Prosram

The linear regression program that was employed is part of the Lotus 1-2-3,
Beleagse 2 software package. This regression program computes the best values

of coefficients and the constant for an equation that expresses the value of a
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dependent variable as a series of terms made up of selected independent

variables:

Y=a

0 + alxl + azxz + a X ...

33

Bere Y is the dependent variable or some function of it. The a's are
coefficients calculated by the program. The X's are independent wvariables or
functions of these variables that are calculated from the data. The best

values of the coefficients (ao, a,, etc,) are such that the sum of the

1
squared differences between the observed and calculated values of Y for each

data point is minimized. (A data point is a complete aet of one Y and the
corresponding X's.)

The program was also set up to calculate the following:

o Square'of correlation coefficlent, n2, ap a meagure of how
well the data "fits" (1 ies a perfect fit; 0 is completely
random)

o Significance of B2 compared to a previous value

o The value of Y corresponding to the average values of each X

¢ The standard error of: each coefficient, the standard X,
and the Y estimate

6.1.2 ¥ Se

The fraction of SO2 removed, RMVL, is the principal dependent variable
examined. Seven independent variables were selected for analysis:

© Lime feed ratio, LFR

-] Outlet gas témperature. Tout

© Lime slurry concentration, OH, 1b eq OH/gallon
-] Incoming gas temperature, Tin

o 50, concentrﬁtion of incoming gas, $0,, dry ppmv

0 Gas flow rate, GAS, % of FI 100 scale reading (54%
corresponds to 30 ft/sec)

© Lime slurry feed rate, FR, total gallons/min to both nozzles
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Actually these variables were not truly independent as LFR is proporticnal to
the ratio of four others: (FR)(OH)/(GAS)(SOZ). Also FR was often varied
with Tin to keep Tout constant during the course of a test.

Other variable factors not included in the analysis are:
o Residence time
o Lime slurry concentration in weight percent
o RNozzle type
0 Atomized droplet size
¢ Atomizing air pressure and flow. The pressure was kept

constant at 90 psig, and the flow depended on the nozzle
and/or nozzle orifice

The data were organized into three separate data sets and each set was .
analyzed separately. These sets were: PHDL injected through one nozzle, PHDL
injected through two nozzles, and freshly slaked CL injected through two

nozzles.

Both rational and empirléal expressions wvere examined to correlate the data.
The rational expresaions have the following characteristics:

© $02 removal can not exceed 100 percent

o S0, removal is zerc when LFR is zero

6.2 ARALYSIS

6.2.1 PHDL in One Rozzle

The data set for PHDL slurry injected through one nozzle is shown in

Table 6-1. The data on each line are average values for the run ending at the
RUN ENRD TIME shown. The PHDL was Injected through the downstream nozzle, and
wvater was injected through the upstream nozzle to contrel the outlet gas

temperature.

The rational expression that provided the best fit (Rz = 0.783) for these

data is:

RR:83161 6-3
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Table 6-1
CAMPBELL SINGLE-STAGE PHDL INJECTION DATA

LIME WATER
RUN FEED 1INJ - LIME INLET OUTLET INLET GAS
RUN END 502 LIME RATE RATE CONC TEMP TEMP 502 FLOW

DATE TIME RMVL UTIL LFR (gpnm) (gpm) (#eq/gal) (F) (F) (ppmv (%)

- —— - - - - - -—— - s RN EBEEES EmEGEEEEE WE il S dher s YR W e

01/06 16:00 23.4% 31.1% 0.753 1.04 0.80 0.0437 310 183 1559 50
01/08 16:23 20.7% 31.B%Y 0.651 1.26 1.50 0.0437 2596 180 1647 67
01714 14:05 24.2% 27.1% 0.896 1.22 0.80 0.0437 301 180 1526 54
01715 16:50 21.7% 25.7% 0.844 1.12 1.00 0.0437 306 180 1488 54
01/16 16:10 18.4% 28.4% 0.646 1.15 1.40 0.0435 293 174 1520 71
01/28~ 14:00 38.9% 29.5% 1,319 2.09 0.70 0.0431 331 175 1755 54
01/29 14:57 23.8% 28.9% 0.825 1,17 0.78 0.0431 280 166 1570 54
01/30 14:18 31.2% 38.6% 0.809 1,17 1l.20 0.0431 294 155 1600 54
01/31 14:03 37.2% '33.9% 1.099 1.57 1.22 0.0431 325 - 166 1586 54
02/02 15:24 40.4% 37.9% 1.066 1.52 0.80 0.0431 289 155 1584 54
02/05 12:45 20.5% 21.4% 0.962 1.09 1.00 0.0450 287 166 1515 54
- 02/07° 14:45 26.3% 28.8% 0.916 2.01 1.20 0.0450 299 180 1524 90
02/10 12:04 24.8% 25.7% 0.966 1.26 0.80 0.0450 290 180 1513 54
02/10 12:34 15.1% 17.5% 0.865 1,17 0.80 0.0450 290 217 1567 54
02/27 14:00 42.3% 43.8% 0.967 1.27 1.42 0.0432 302 150 1464 54
03702 17:35 30.5% 22.8% 1.341 1.29 1.23 0.0593 300 160 1472 53
03/04 15:40 47.1% 35.5% 1.326 1.20 1.30 0.05%93 290 150 1384 54
04/06 14:38 27.8% 24.7% 1.132 1.09 0.9%90 0.0580 276 160 1440 54
04/08 15:55 25.0% 27.9% ©.898 1.29 0.88 0.0416 280 160 1540 S4
04/09 15:10 42.9% 49.9% 0.860 "1.20 1.38 0.0416 281 140 1501 54
04/11- 14:15 21.9% 40.4% 0.541 1.27 1.10 0.0217 302 160 1303 54
04/16 11:45 26.4% 30.0% 0.879 1.20 1.50 = 0.0440 1o 160 1550 54
04716 12:15 34.7% 37.9% 0.916 1.35 1.42 0.0440 311 160 1567 54
04/16.. 12:50 230.6% 35.2% 0.870 1.20 1.55 0.0440 313 160 1567 54
04723 13:10 30.9% 35.1% 0.880 1.08 1.40 0.0435 313 160 1374 54
04/23" 14:40 34.9% 33.4% 1.046 1.17 1.50 0.0464 316 160 1338 54
04/23. 15:40 32.8% 2J4.0% 0.964 1.17 1.53 0.0464 - 317 160 1361 54

MINIMUM = 15.1% 17.5% 0.541 1.04 0.70 0.0217 276 140 1303 50
MAXIMUM = 47.1% 49.9% 1.341 2.09 1.55 0.0592 331 217 1755 90
"AVERAGE = 29.4% 31.7% 0.935 1.28 1.15 0.0447 300 167 1512 56

(a) PHDL injected downstream, water injected upstream.

(b) Data are average values for the run ending at the RUN END TIME shown.
(¢) 502 concentration is on a dry basis.
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RMVL = 1-¢0134

where A = _(_lﬂﬂl eg. Mll-2a

(Tow - 125)%*

Here LFR is not used directly but is expressed as 1 - e~EFR yhich reflects

its effect more realistically than a simple linear relationship (see

Appendix F-8). Also, the outlet gas temperature term has been modified to
(Tout - 125)0'5. (Tout - 125) approximates the approach to saturation
temperature (AST) which 1s a principal variable in spray dry FGD systems.

(AST 15 sometimes substituted for [Tout - 125] in this section.) The exponent
0.5 was used to reduce the varilable's influence in the eguation at its higher
values, and was determined empirically. The eguation number, eq. Mll-2a,
identifies the case varlation number for reference.

A plot of calculated versus actuesl SO, removal is shown in Figure 6-1. This

plot gives a visual indication of thezscatter in the data and how well the
equation fits. The straight line is the locus of points having jidentical
calculated and measured values. It is got the best line through the points
shown., This plot shows a slight bias in that the calculated removal is high

at low actual removal, and low at high actual removal.

Predictions of 502 removal versus LFR at ASTs of 35°F and 55°F for this
equatjon are shown in Figure 6-2. ‘

When an 502 term is added to the numerator of eq. Mll-2a, Rz decreases to
0.758 inadicating a poorer fit of the data. Changing (Tout - 125)0'5 to
{Tout - 125)1‘o decreases Rz to 0.679, indicating a significantly poorer
fit. '

The empirical expreassion that provided the best fit (Rz = 0.827) for these
data is:
EMVL = 0,167 + 0.0619 (1 - e-LFR) _ 0,0516 (Tout - 125)0.3 eq. M3-3

+ 2.98(0H) + 0.000947(Tin) - 3.66 x 10-5(S03)
- 0.00237(GAS) + 0.147(FR)

RR:B8316r 6-5
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This case uses all seven of the independent variables. The plot of calculated
versus actual SO2 removal is shown in Flgure 6-3. This plot shows less bias
than the plot for the rational expression.

6.2.2 PHDL in Two Nozzles

The data set for PHDL injected through two nozzles is shown in Table 6-2.

The rational expression that provided the best fit (Rz = 0,723) for these
data 1g:

RMVL = - 0088

where B = (1- %) (Tin) eq. D15-2a

(Tout - 125)

A plot of calculated versus actual 502 removal is shown in Figure 6-4. This
plot shows a similar blas as the plot for PHDL injected through one nozzle.

Adding an 502 term to the numerator decreased Rz to 0.714; adding an 802
term to the dencminator decreased 12 to 0.624. Substituting (Tout -

125)0'5 for (Tout - 125) decreased Rz to 0.650.

Predictions of SO2 removal versus LFR at ASTe of 35°F and 55°*F for this
equation are shown in Figure 6-5. TFigure 6-6 shows predictions of SO2

removal at a fixed AST of 35°F with inlet temperature as a parameter.

The empirical expression that provided the best fit (R2 = 0.848) for these
data is:

BMVL = -0.236 + 0.1625 (1 - e-LFR) _ 0,1093 (Tout - 125)0.5
+ 3.28(0H) + 0.00268(Tin) + 1.59 x 1074(50,)
- 5.05 x 10-4(GAS) + 0.0188(FR) eq. D3-3

The plot of calculated versus actual 802 removel is shown in Figure 6-7.
Little bias is shown in this plot. Filgure 6-8 shows predictions of S0
removal versus LFR at ASTs of 35°F and 55°F for this equation.

2
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, RUN
-RUN END
DATE TIME

(a) PHDL injection only; no
(b) Data are average values
(c) S02 concentration is on a dry bhasis.
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S02
RMVL

35.4%
46.5%
49.5%
43.5%
47.3%
27.3%
43.0%
47.4%
52.2%
39.9%
29.5%
42.2%
49.5%
46.5%
45.5%
46.1%
45.0%
48.1%
S0.1%
61.8%
59.6%
57.5%
47.7%
35.0%
39.3%
38.0%
42.5%
41.3%

51.5%

46.9%
45.5%
46.8%
60.1%
50.0%
43.5%
64.0%
40.6%
17.0%
25.8%
47.0%
56.4%
55.5%

17.0%
64.0%
45.4%

- LIME

UTIL

21.2%
20.23%
26.2%
25.4%
23.6%
16.9%
25.7%
25.2%
31.3%
45.4%
36.4%
23.1%
29.4%
25.2%
23.0%
17.8%
14.7%
15.3%
18.0%
17.4%
18.6%
18.8%
15.8%
13.7%
22.3%
37.8%
21.1%
22.3%
27.3%
17.4%
17.2%
18.3%
19.1%
18.3%
19.7%
24.3%
29.1%
12.2‘
22.3%
29.2%
27.1%
27.7%

12.2%
45.4%
22.9%

Table 6-2
CAMPBELL TWOQ-STAGE PHDL INJECTION DATA

LFR

LIME

"FEED

RATE
(gpm)

LIME INLET QUTLET INLET GAS

- CONC

(#eq/gal)

TEMP
(F)

TEMP
(F)

S02
(ppmv)

FLOW
(%)

1.675
2.295
2.158
1.717
2.001
1.615
1.674
1.883
1.671
0.879
0.812
1.825
i1.688
1.852
1l.987
2.586
3.067
3.151
2.789
3.544
3.246
3.073
3.025
2.203
1l.761
1.006
2.018
1.851
l.888
2.700
2.661
2.568
3.194
2.739
2.214
2.637
1.395
1.402
1.159
1.612
2.084
2.006

0.812
3.544
2.126

2.23
2.54
1.89
2.59
2.51
2.13
2.40
2.04
4.06
4.39
2.18
2.48
l1.18
2.55
2.55
2.38
2.82
2.54
2.55
3.17
3.02
3.04
2.97
0.88
3.22
2.60
1.72
1.59
1.62
1'67
1.59
1.52
1.95
1.69
1.37
1.63
1.50
1.23
1.11
1.61
2.96
4.60

0.88
4.60
2.29

0.0450
0.0450
0.0450
0.0450
0.0450
0.0450
0.0450
0.0477
0.0450
0.0220
0.0226
0.0433
0.0433
0.0433
0.0433
0.0593
0.0593
0.05%3
0.,0593
0.0614
0.0614
0.0614
0.0580
0.0580
0.0416
0.0226
0.0440
0.0436
0.0436
0.0574
©.0574
0.0574
0.0574
0.0574
0.0574
0.0574
0.0330
0.0432
0.0432
0.0432
0.0432
0.0432

0.0220
0.0614
0.0478

water injection.
for the run ending at the RUN END TIME shown.

290
291
294
3az
306
290
290
250
280
303
286
300
303
. 298
295
287
298
302

298

324
315
318
297
267
292
307
311
301
327
309
291
298
331
315
292
290
301
280
288
284
300
304

267
331
299

165
156
155
163
160
180
160
160
156
157
160
160
160
160
160
160
160
160
162
l60
160
160
160
160
160
160
160
160
160
160
160
160
160
170
170
iso
160
180
180
160
160
160

150
180
162

1540
1502
1478
1673
1680
1527
1473
1497
1583
1622
1566
1497
1569
15837
1434
1406
1403
1331
1403
1414
1471
1566
1467
1331
1468
1503
1447
l3is8
1365
1387
1327
1360
1363
1360
1374
13166
1371
1455
1560
1626
1543
1528

1327
1680
1470

54
54
48
54
48
54
54
48
90
90
54
54
26
54
54
54
54
54
54
54
54
54
54
24
72
54
36
36
36
36
36
36
36
36
36

36
36
36
36
54
B8

24
20
49
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6.2.3 CL in Two Nozzles

The data set for CL injected through two nozzles is shown in Table 6-3.

The rational expression that provided the best fit (R2 = 0.644) for these
data is:
RMVL = ] -gT¥110%C

where C = (LFR)(Tin) (5Oz)
(Tout - 125)%°

eg. Cl0-1la

Here LFR 15 used directly, inlet So2

'vnumerator..and-the-square root of the AST is used in the denominator.

concentration is included in the

A plot of caleculated versus actual 50, removal is shown in Figure 6-9. This

2

plot alsc shows a bias in that calculated SO, removal is high at low actual

2
removal, and low at high actual removal.

Deleting 502‘1n the numerator decreases Rz to 0.522; moving it teo the
denominator decreases Rz to 0.268. Subatituting (Tout - 125) for (Tout -
125)0'5 decreases Rz to 0.613.

Predictions of 502 removel versus LFR at ASTs of 35°F and 55°F for this
equation are ahown in Figure 6-10, Predictions of SO2 removal versus LFE at
a fixed AST of 35°F with inlet 502 concentration as a parameter are shown in

Figure 6-11.

The empirical expression that provided the best fit (Rz = 0.722) for the CL
date fet ig:

EMVL = -0.645 + 0.387 (1 - e~LFB) _ 00834 (Tout - 125)
+ 5.51(0H) + 0.00264(Tin) + 0.000274(S0;)
- 0.00214(GAS) + 0.0585(FR) eq. C3-3

The plot of calculated versus actual 502 removal is shown in Figure 6-12.
Figure 6-13 shows predictions of SO2 removal versus LFR at ASTs of 35°F and
55*F for this equation.
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RUN

Part 2

RUN
END
TIME

12:46
15:10
10:10
12:40
23:45
13:15
10:45
09:40
07:45
0g8:00
16:45
23:45
10:30
01:30
10:30
13:48
05:10
0B:10
12:00
02:35%
07:35

12:30

07:40
11:25
12:04
03:55
08:50
02:20
07:20
09:10
11:05
12:40
22:45
07:15
12:30
22:585
06:55
10:10
11:20
12:5%
12:05
21:25
07:25%
19:45
23:45
04:45
06:15
07:15

502
RMVL

42.7%
67.0%
42.7%
43.7%
51.1%
52.4%
53.3%
46.2%
35.6%
47.9%
41.5%
36.0‘
44.8%
42.1%
46.4%
48.5%
48.4%
48.0%
60.9%
60.5%
56.9%
58.6%
48.3%
63.3%
35‘7‘
34.8%
32.8%
42,0%
36.5%
40.8%
46.8%
50.7%
44.4%
61.0%
59.3%
38.5%
39.0%
42.6%
44.1%
60.8%
46.8%
50.6%
48.8%
€3.5%
64.9%
60.4%
54.2%
60.6%

Table 6-3

CAMPBELL TWO-STAGE CL INJECTION DATA

LIME
UTIL

45.8%
32.7%
41.7%
36.8%
38.5%
41.9%
41.6%
42.5%
31.0%
42.4%
38.6%
33.7%
39.9%
33.0%
32.0%
39.7%
40.5%
3B.4%
43.9%
44.0%
43.9%
43.1%
40.3%
44.7%
30.2%
26.5%
28.4%
42.5%
43.7%
43.7%
44.4%
46.3%
43.8%
52.0%
49.6%
33.6%
36.8%
37.5%
41.1%
47.1%
36.6%
42.4%
43.2%
31.8%
35.1%
32.6%
34.7%
36.2%

LFR

0.920
2.046
1.036
l.188
1.326
1.253
l.282
1.087
1.149
1.138
1.077
1.077
1.123
1.276
1.449
1.225
1.195
1.248
1.3%0
1.380
1.295
1.359
1.200
1.415%5
1.182
1.324
1.155
0.988
C.837
0.932
1.057
1.094
1.016
1.173
1.197
1.147
1.060
1,297
1.071
1.291
1.278
1.191
l.130
2.013
1.851
1.885
1.537
1.674

LIME
FEED
RATE

(gpm)

2.64
3.00
1.49
1'59
1.76
1.55
1.65
1.50
1.45
2.18
1.43
1.35
1.45
1.50
1.66
1.5
1.58
1.€8
3.60
2.78
2.58
4.44
1.60
2.84
1.52
1.56
1.36
1.49
0.98
1.30
3.65
3.65
1.51
1.80
4.42
l1.61
1.53
.78
.78
4.70
4.37
1.79
1.65
1.85
1.78
1.60
1.50
1.65

6-17
119

LIME 1INLET OUTLET INLET GAS

CONC

{$eq/gal)

0.0192
0.0358
0.0271
0.0271
0.0276
0.0276
0.0276
G.0276
0.0276
0.0311
0.0281
0.0281
0.0281

0.0286°

0.0286
0.0286
0.0286
0.0286
0.0286
0.0275
0.0275
0.0275
0.0275
0.0275
0.0292
0.0287
0.0287
0.0286
0.0286
0.0286
0.0286
0.0286
0.0272
0.0272
0.0272
0.0281
0.0281
0.0281
0.0281
0.0281
0.0271
0.0279
0.0279%9
0.0424
0.0424
0.0424
0.0424
0.0424

TEMP
(F)

310
319
290
304
1o
301
305
289
295
282
288
280
275
299
301
296
ol
294
308
311
3p2
o2
298
322
295
288
282
287
278
274
280
285
294
303
306
310
309
299
3os
307
301
313
302
300
299
289
281
295

TEMP
(F)

160
162
160
160
160
160
160
160
170
160
160
160
150
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
180
160
160
150
150
170
170
170
170
150
160
160
160
160
160
160
160
160

§02  FLOW
(ppmv) (%)
1420 54
1350 54
1412 36
1402 36
1415 36
1320 36
1373 36
1381 36
1346 36
1359 54
1440 36
1367 386
1404 36
1299 36
1266 36
1370 236
1461 - 36
1470 36
1419 72
1429 54
1412 54
1422 88
1417 ~ 36
1427 54
1362 136
1303 36
1306 36
1564 36
1617 29
1540 36
1560 B8
1507 88
1562 36
1611 36
1587 88
1523 36
1566 36
1605 79
1565 88
1517  8e
1480 88
1619 36
1572 36
1505 36
1550 36
1491 36
1540 3¢
1555 36




» 'RUN
RUN END
DATE TIME

06/03 10:30

06/03 11:45

06/05 23:30

06/06 07:30

06/10 22:00

06/11 06:00

06711 07:30

06/12 01:45

06/12 08:00

06/12 10:05

06/12 12:30

06/12 21:50

06/13 01:50

06/13 05:35

06/13  07:05

06/13 09:00

06/13 12:30

07/24 07:35

07/24 09:00

07/24 10:00

07/24 12:15

07/24 13:4%5

07/24 14:25
MINIMUM =
MAXIMUM =
AVERAGE =

§02 LIME
RMVL UTIL
70.4% 37.1%
64.8% 35.8%
64.9% 49.5%
62.3% 52.5%
67.9% 38.0%
66.7% 42.1%
62.5% 39.3%
54.5% 48.9%
50.0% 55.8%
52.7% 47.7%
52.3% 45.9%
58.0% 55.0%
58.0% 52.8%
60.6% 55.9%

. 64.3%-:52.4%

54.2% 45.2%
56.8% 45.8%
51.0% 46.5%
52.7% 41.9%
49.3% 42.1%
59.0% 43.4%
63.8% 48.1%
65.6% 59.6%

32.8% 26.5%
70.4% 59.6%
52.2% 41.9%5%

Table 63 (Cont’d)

LIME
FEED
RATE

1.70

2.87

LIME
CONC

(#eg/gal)

0.0264
0.0264
0.0264
0.0280
0.0280
0.0280
0.0280
0.0280
0.0280

0.0192
0.0424
0.0299

(a} CL injection only; no water injection.
(b) Data are avaerage values for the run ending at the RUN END TIME shown.

{c) 502 concentration ie on a dry basis.

(d) CL is freshly slaked.
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INLET OUTLET INLET GAS

TEMP
(F)

303
300
312
304
298
288
307
310
311

274
322
297

TEMP
{F)

160
160
160
160
160
160
160
160
160
160
160
160
164

150
170
160

s02

(PPMV)

FLOV
(%)

29
100°
51

.
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A

6.3 DISCUSSION

Two important independent variables in spray dry ¥GD systems are LFR and
outlet temperature, or mere correctly AST, which is approximated by (Tout -
125) in these experiments. Figures 6-2, 6-5, and 6-10 show 802 removal as a
function of LFR for twe values of AST for the rational expressions that gave
the best fit for the three data sets. A strong dependence of SO2 removal on

both LFR and AST is seen in these figures.

Figure 6-5, for PHDL injected in both nozziea, shows the gtrongest dependence

of SO2 removal on AST because the AST term has a power of one in the

expression for this data versus & power of one-half for the expressions for

the other two data sets.

Figures 6-14 and 6-15 are plots of lime utilization versus lime concentration
for two-stage injection of PRDL and CL, respectively. These plots showv that
lime utilization decreases with increasing lime concentration. S$Since, by
definition, lime utilization times LFR equals 802 removal, this implies

that, at a given LFR, SO2 removal will decrease with increasing lime
concentration (assuming other variahles are held constant).

This phenomenon explains why the 50, removal performance of PHDL was better

2

when injected through two nozzles than through a single nozzle with another

nozzle for water injection as shown by comparing Figure 6-2 and 6-5. For a
given operating condition, the concentration of lime injected through a single
nozzle had to be higher than that injected through two nozzles because the
additional water injected through the second nozzle was not used to dilute the
lime. This increase in feed golids results in poorer lime utilization and,

therefore, poorer 802 removal performance,

A comparison of Figure 6-10 with Figures 6-2 and é-5 shows that soz removal
rises faster and higher for CL than for PHDL. For the Campbell test
conditions, freshly slaked CL showed superior S50, removal performance

compared with PHDL.

2
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The regressiocn analysis also identified the gas inlet temperature as an

important variable as shown in Figure 6-6.

Increasing Tin in this system has several effects that all tend to increase

502 removal:

o A higher Tin would allow use of a more dilute glurry to
reach a given LFR. This would provide better lime
utilization and better 50; removal performance.

-] In the tests where lime slurry was injected through two
nezzles, the outlet temperature was controlled by varying
the flow of slurry to the upstream nozzle. Thus, when Tin
rose, more slurry wvas injected, and this increased 50;
removal.

o An increase in Tin increased the adiabatic gaturation
temperature and therefore decreased the approach to
saturation since Tout was kept constant. A lower approach
slowed drying and thus increased S0, removal.

©¢ The mass flow of incoming gas was kept conatant during a
test, The gas flow indicator, FI 100, measured the mass
flow and was independent of temperature. Therefore, when
Tin rose, the gas density decreased and its velocity
increased., The increased velocity gave better mixing of
spray droplets with the gas, but this effect probably had
only a very amall influence on 50 removal.

The above considerations suggest that the cbaserved effect of Tin on SO2
removal may be peculiar to this partlcular gsystem rather than being a general

phenomenon.

The regression analysis for the rational expressions identified inlet SO2
concentration as an important variable for the CL data set but not for the
PHDL data sets. As explained earlier, LFR is not truly an independent
variable since it 1s a function of 802. Since both 302 and a function of
502 are treated as varisbles, this analysis cannot determine the true effect
of SO2 inlet concentration on SO2 removal.

The empirical correlations reflect relationships between the independent

variables and are difficult to interpret. They also do not extrapolate.
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All of the plots of calculated versus actual 50, removal for the rational

2 )
expressions show a slight bias in that the calculated removal tends to be high

at low actual removal and low at high actual removal.

The rational correlations are felt to be better than the empirical
correlations for understanding the process despite the bias and the lower
correlation coefficients.

6.4 ADDITIORAL ANALYSIS

Additional analyses of the Campbell data could be expected to provide imptroved
correlations. However, at the time the analysis presented here was being
performed, additional data were being obtained at the full-size CZD test
program at Seward station. A decision was made to focus additional effort on
analyzing the combined datas set from both sites.

The reader is referred to Part 4, Section 1 where & correlation of the
combined data from both the Campbell and Seward test sites is described. The
correlation i{s used to provide preliminary design information for the
full-scale projections presented in Section 2 of Part 4,
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Section 7

ESP TESTS

A principal ocbjective of this project was to assess the effect of the reaction
products and any unreacted lime on the performance of electrostatic
precipitators {ESPs). Certain factors were noted from previous experience
with gpray dry flue gas desulfurization (FGD) systems operating upstream from
ESPs, When lime slurry was asprayed into the ductwork, the lower temperature
and higher molsture of the gas were expected to more or less offset the effect
of the higher loading of solids on ESP performance (References 7-1 and 7-2).
If a CZD system also exhibited the same tendency, particulate emissions would
not be changed much by retrefitting the system, and extensive modification of
the ESPF would not be needed.

As noted, the ESP was part of the test facllity. The ESP was energized during
all the lime injection tests. ESP performance was measured {n two series of
tests, The first series was performed Iin November 1986, shortly after
starting up the facllity. The second series of tests was carried ourt from May
through July 1987, at the end of the program.

In situ measurements of the reslstivity of the particulate mstter were also

made toward the end of this second series of tests,

7.1 ESP INSTALLATION

7.1.1 ESP Design Details

Lodge-Cottrell division of Dresser Industries, Inc. supplied the ESP for the
Campbell test facility. This ESP was one of that company's standard units of
the SP5 series of modular assemblies. The precipitator had two collector
flelds in series, each with its own transfermer/rectifier (T/R) and bus
section. Each field had 12 collector plates spaced on l2-inch centers. Each
collecting plate, positioned parallel to the gas flow, was divided into five

RR:8280r . 7-1
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segments. This design allowed for 20 percent of each collecting fleld to be
. rapped at one time., The emitting electrodes were of rigid frame design.
Specific detalls are listed in Table 7-1.

Table 7-1

ESP DESIGN DETAILS

Rumber of chambers 1
Rumber of fields 2
Number of T/Rs 2
Rumber of hoppers 2
Number of gas passsgges 12
Gas passage spacing " 12 in.
Effective treatment length 15 ft (7.5 ft in each field)
Plate dimensions 9.75 ft high by 7.5 ft long
Total ccllector ares 3,510 ftz
Total effective emitting 7
electrode length . 125670 ft
Cross section arees for gas flow 117 ft2
T/R capacity, each 60 kVdc at 80 mAdc

Figure 7-1 is & cutavay isometric drawing of the unit,

Gas from the l30-foot-long test section traveled through a 3 ft dia. duct and
turned upward through a 180° bend to enter the ESP, as shown in Figures 3-2
and 3-3. Figure 7-1 shows the inlet gas splitter vanes in the inlet
transition plece that distributed the gas flow over the ESP cross section.

As an example of the size of the ESP relativé to the size of the test duct, if
gas at 300°F comes into the test duct at 50 ft/sec and slurry is injected to
cool it to 160°F, the velocity is reduced to about 45 ft/sec. The average
velecity through the ESP ie then 2.5 ft/sec, the time in contact with the
collector plates 5.8 sec, and the specific collection area (SCA) about
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190 ftzll,OOO acfm. Although the SCA value is representative of many
existing ESPs in power plants burning medium- to high-sulfur coal, the
veloeity of the ges flowing past the plates is relatively low (4 to 6 ft/sec
being more typical), and the contact time relatively high.

7.1.2 ond o

Flue gas for the test facility was withdrawn from the side of the ductwork of
Campbell Unit 1, Just downstream from en air heater, as deacribed in

Section 3. The gas in Unit 1 flowed downward through the air heater, then
turned about 135° and flowed diagonally upward past the point where the test
facility took its gas. Since a scoop did not extend into the large duct, gas
withdrawn for the test facllity did not necessarlly carry the same
concentration of fly ash that went to the full-scale ESP. However, since the
purpose of these tests vas to compare ESP performance with and without
injection of lime slurfy into the gas, the fact that the fly ash concentration
in the gas may have been somewhat different from that in the Unit 1 ductwork

was not considered important.

It is noted that Unit 1, rated at 260 MW, was base-loaded, and its output
seldon fell below 180 MW, 70 percent of capacity. Therefore, while changing
loads may have caused some variations in the composition and particulate
loading of gas entering the test faclility, these variations should not have
been great. Varlations in the ash content of the coal and in the percentage
of excess combustion alr could also have caused the fly ash concentration in

the gas to vary.

Particulate concentrations were measured at the pilot ESP inlet during the
tests conducted from May to July 1987. Table 7-2 lists these concentrations
in order of increasing gas velocity. With no injection, the inlet ash
concentration was usually lower at a higher gas flow rate through the pilot
precipitator. These results may be a colncidence because a higher take-off
velocity from the plant ducting would be expected to force a higher percentage
of the ash to make the turn inte the take-off duct. The average value of 3.35
gr/dscf is somewhat lower than the estimated concentration of 3.9 gr/dscf. .
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Table 7-2

i oL CONCENTRATIONS OF PARTICULATE MATTER IN FLUE GAS ENTERING THE ESP
Inlet Gas Part. Concen.
Velocity (1Y into ESP
Test No. {2 (ft/sec) t
- N ign
23 30 3.9¢ Estimated concentration of fly ash
24 30 4.70 in gas, 3.9 gyr/dscf
25 30 4.36
58 30 3.13
60 30 2.9
36 50 3.10
37 50 2.90
38 50 2.0
51 50 2.74
52 50 3.00
Avg. 3.35
i f W r On
26 30 4.24
27 30 3.98
56 30 2.35%
42 50 2.26
43 50 2.03
53 50 1.90
Avg 2.79
f 1Z Percen ity im r
yie} 20 4.0 Estimated concentration of
2(¢) 20 4.88 particulates (fly ash, reaction
3 20 4.36 products, unreacted lime) in gas,
4 20 4.05 3.9 + 3.2 « 7.1 gr/dscf (sae
14 20 4,86 Appendix F)
9 30 5.99
10 30 6.13
5 40 5.38
6 40 5.41
7 50 5.48
8 50 5.20
12 50 5.67
13 50 4,56
15 50 3.89
16 50 5.16
21 50 5.69
22 50 5.43
46 50 £.7%
48 50 4,85
49 50 5.7
50 50 5.40
54 50 5.67
55 50 4.96
47 60 4.33
Avg, 5.12

* {a) Tests conducted during May to July 1987.
; (b) Gas velocity in test duct, upstream of any injection.
(c) These tests were performed at an ESP inlet temperature of 148°F. A1 other
1ime injection tests were performed at 160°F.
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The estimate assumed 10.6 percent ash in the coal and 40 percent excess air.

- It alsc assumed that 80 percent of the coal ash appeared as fly ash (see
- Appendix F).

With injection of water, the inlet fly ash concentraticns also tend to be

- lower at the higher gas velocities. In these cases, some of the fly ash was

wetted by the injected water and deposited in the test duct before the point

where the concentrations were measured.

When lime slurry was injected, the measured concentrations of particulate
matter at the ESP ihlet, as listed in Table 7-2, showed no trend with gas
velocity and were all below the estimated value of 7.1 gr/dscf. Deposition of
solids in the duct is probably the principal reason for the low concentrations.

7.2 ESP TEST PROCEDURES

The method used to determine the concentration of particulate matter in the

"~ flue gas was the same for both series of tests, but the operational procedures

vere different. These procedures are summarized in the following sections.

©7.2.1 oncentrat

The gas was sampled at the inlet and ocutlet of the ESP at the same time. The
inlet samples were taken at the downstream end of the stralght duct test
section. The ESP outlet samples were taken just upstream of the induced-draft
(ID) fan, where the gas flowed downward through a 20-foot rum of straight duct.

Igokinetic samples of gas were withdrawn at each of six traverse points across
the cross section of the duct, (The traverse direction for the outlet samples
was in the same plane as the bend in the duct; about 20 feet upstream,)
Sampling for a given test normally required 60 to 90 minutes.

The sampling procedure, determination of particulate concentrations, and
calculation of ESP efficlency (the percentage of particulate matter in the
flue gas at the ESP inlet that is removed by the ESP) followed EPA Method 17.
Appendlx D gives specific details.
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7.2.2 tio oc g

First Serjes. For the first series of tests, from November 18 to 22, 1985,
the system was kept warm overnight by passing a low flow of flue gas through
it, with no injection. At about 0800 hours, gas flow was increased and
injection of lime began. Gas sampling was started as socn as poasible, after
the desired gas temperature was reached and conditions aiabilized.

When the firat test was completed, conditions were adjusted to those degsired
for the second test (i1f a second test was to be made). The second test
usually began abeut 2 hours later, after thermal equilibrium of the ESP had
been attained. '

After the tegts were finished, the system was shut down, and the duct (but not
the ESP) was opened, inspected, and cleaned. At the end of the day, a low
flow of gas was again egtablished to keep the gystem warm and dry overnight.

As noted, these tests took place early in the program, about 1 month after the
shakedown started,

Second Series. The second series of ESP teste began on May 19, 1987, and
ended on July 22. There was a 5-week interruption from Jume 14 to July 23
beceuse of a forced outage on Unit 1.

For these tests, the desired test conditions were maintained during the night
preceding the test by operating with injection of lime or water, or with no
injection to keep the flue gas temperature at the ESP inlet constant at the
level desired for the next day's tests. However, the gas flow was kept low
during the night (20 ft/sec normally) to allow a low injection rate and avoid
deposition of excessive amounts of solida in the duct. At about 0800 hours,
the gas flow was increased to the rate used in the test and the injection rate
was rajsed to maintain the ESP inlet temperature constant, During lime slurry
injection, the injection rate was sufficient to meet the S0, removal

2
objective of at least 50 percent.
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After approximately 1l hour, when.it was ascertained that stable T/R conditions

“had been reached, VI (voltage-current) curves were teken with both I/R units
. on automatic voltage control (AVC). The AVC units were then set manually at

. the maximum sustainable level. The maximum sustalnable level was either just

below the level at which excessive arcing occurred, or just below the maximum
voltage or current for each T/R unit, 60 kV or 80 mA, reapectively.

Following this, the particulate concentration at the ESP inlet and outlet were
measured simultaneously to determine the ESP efficiency. During this ESP
efficiency test, electrical readings were taken from the front panels of the
controllers approximately every 10 to 15 minutes. At the conclusion of the
efficiency test, a second set of VI curves vas taken as described.

If the efficiency test was to be replicated, the same operating conditions
were held steady until preparations were complete to begin the second test
(usually around 1 hour). If a change in operating conditions was called for
(i.e., additional moisture or change in velocity, etc.) a suitable amount of
time was allowed between tests for stabilization of the system. VI curves

" were thenh run again and the test procedure repeated,

Between one and three tests were carried out each day depending on prevailing
conditions. Generally, the plant was shut down at around 1400 hours each day
to facilitate entry to the test duct for cleaning out the accumulated fly ash
and lime deposits.

" The ESP was opened for inapection and cleaning several times during this

serles of tests. Cleaning consisted of rapping the plates and discharge
electrodes manvally, and brushing and blowing off deposits where they could be

. reached from the walkway between the two sections. A washdown was not

. attempted.

7 7.3 TEST RESULTS

"Tables 7-3 and 7-4 summarize results of all the ESP tests carried out at the

Campbell test facility. The tests are listed in chronological order with
results from the first series of tests in November 1986 given in Table 7-3 and
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those from the second series, May to July 1987, given in Table 7-4. The
tables show the effective migration velocity (EMV) of the particulate matter
in the electric fleld. EMV is a useful parameter in evaluating the
performance of ESPs in collecting different kinds of particulate matter. The
EMV values were calculated using the Deutsch equation, which is universally

used to predict precipitator performance.

The Deutach equation is:

1- EFF = .1
&

where D [({%3—) (EMV) (0.02381) (60) |

EFF = collection efficiency, %/100
SCA specific collection area, f12/1000 acfm

EMV = vparticulate effective migration velocity, cm/sec

a factor 10 account for increasing difficulty in collecting additional particulate as
required collection efficiency increases (k usually approximates 10 0.5 0 1.0)

”
|

For Tables 7-3 and 7-4, the value of k waa taken as 0.5.

The following pages describe the test results in three separate sections: the
first series of tests, the second series of tests with fly ash alone without
lime injection (but with injection of water in many tests), and the second

series of teats with lime injection.

7.3.1 FEirst Series of Tests

The tests in November 1986 were carried out soon after the facllity became
operational. The primary purposes were to verify that the ESP was operating
satisfactorily and to see 1f injection of lime slurry upstream of the ESP
caused significantly greater emissions. Rine tests were made over a S5-day
period. Of these tests, two were made with no injection, and one with
injection of water only. The remaining six were made witﬁ injection of
slurries of pressure hydrated dolomitic lime (PHDL) containing 15 percent
solids. One test, however, used 20 percent PADL. All ESP efficlenecy tests

were at test duct gas velocitles upstream of any injection of 45 to 50 ft/sec.
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and at ESP inlet temperatures from 275°F down to 165°F, producing ESP
velocities of 2.2 to 2.7 ft/sec.

Table 7-3 shows that particulate concentrations in the gas leaving the ESP
were not affected much by injecting the lime slurry. Injection of slurry
improved the removal efficlency, compared with no injection, enough te offget

the higher inlet loading.

The one test with only water injected to cool the gas to 184°F gave the lowest
emissions of all and a removel efficiency comparable to that with lime
injection.

The above results were as expected from the experlience of other installations

with ES5Ps cleaning flue gas from spray dry FGD systems.

7.3.2 Second o) - W ou e e

In the second series of tests, 20 tests were carried out without injection of
lime to provide a basig for evaluating ESP perfermance when lime was
injected. Eleven of these tests were with fly ash only - without any
injection. In the other nine tests, vater was injected to bring the gas
temperature down to 160°F, For the tests with no injection, the gas
temperature ranged from 260°F to 300°F.

c Vv SGA. TFor the tests with no injection, collection
efficlency ranged from 99.75 percent at a gas velocity through the ESP of
2.10 ft/sec (238 SCA) to 96.32 percent at 3.41 ft/sec (147 SCA). With
injection of water, the efficiency was higher: 99.94 percent at 1.79 ft/sec
(279 SCA) to 99.47 percent at 2.62 ft/sec {191 SCA). Figure 7-2 shows how the
efficiency fell off with gas velocity, and although the points are scattered,
injection of water (fly ash plus molsture points) clearly increased
efficiency. At a given mass flow of gas, part of the improvement in
efficiency from injection of water is that the gas is cooled and the lower
volume and lower velocity through the ESP gives more time for collection of
particles., However, Figure 7-2 shows that even at the same velocity,

collection from the cooler moist gas was higher. This improved performance

RR:8280r 7-15
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with vater injection may be partially the result of agglomeration of fine

‘particulate into more easily collected larger particulate,

For the data in Figure 7-2, both ESP fields were energized to maximum power.
Single-field-only tests with the outlet field de-energized gave an efficiency
of 94.06 percent at 2.03 ft/sec with no injection in test 24. With water
injection, two pingle-fleld tests (tests 27 and 41) gave efficiencies of

i 99.82 percent and 98.83 percent at gas velocities of 1.85 and 2.99 ft/sec,

, G

respectively. Again, moisture injection increassed the efficiency.

' Filgure 7-3 shows that the cecllection efficlency both with and without water

injection improved with the precipitator's SCA. This would be expected from

* the decrease in efficiency with gas velocity since here SCA varies inversely

with gas velocity. The data plotted in Figure 7-3 are from tests at maximum
pover; they include tests with both one and two fields energized,

ﬁ ect of Temperat . No attempt was made to evaluate the effect of

temperature {other than the gross differencg@?ith and without water injection).

‘"on either of the sete of tests without lime injection. For “fly ash +

moisture,” the temperature was held at a nominal 160°F.

‘- Under "fly ash only” conditions, the temperature ranged from 260;F to 300°F,

" depending on prevailing boiler conditions. However, as other variables were

changing over this temperature range (i.e., inlet dust loading, boiler
operational conditions, precipitator gas velocity, etc.), it was not feasible

to attempt any correlation with temperature.

The improved efficiency with water injection compared to no injection is due
to the lover temperature, the higher moisture content of the gas, and to the

agglomeration of the fine particulate.

- Effect of Power Input. Fly esh collection efficiency increased by increasing
. the power input, as Figure 7-4 shows. The most power was absorbed in two of

the tests with water injection (fly ash + molsture). These data include tests
where power input was deliberately reduced.

RR:8280r 7-16
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Figure 7-4 also shows that the tests with water injection gave significantly
higher remcvel at a given level of power. Typlcal performance without
injection in other ESPs collecting fly ash is gimilar to the following results
with water injection (Reference 7-3):

100 W/1,000 acfm, approximately 96 percent removal
200 W/1,000 acfm, approximately 99.5 percent removal
300 W/1,000 acfm, approximately 99.6 percent removal

o 0O ©o o

400 W/1,000 acfm, approximately 99.8 percent removal

The fact that these tests without injecticon gave lower-than-expected
collection efficlencles at given power inputs is probably due to the desgign or
operational characteristics of this system. The poorer performance should not
affect the comparia;na of performance with and without injection, the primary
purpose of these tests.

Effect of Rapping. During the fly-ash-based tests, an attempt was made to
evaluate the effect of rapping on performance. This involved two tests on
June 8, 1987, both without injection of water. Test 37 was run as a "base
level” test and test 38 was run under similar conditions but with collector
rapping set to “continuous™ (12 raps per hour). Table 7-5 ghows the results.

Table 7-5

EFFECT OF RAPPIRG WITHOUT WATER

Gas Inlet Outlet Collection Power Gas
Test Velocity Loading -Emission Efficiency EMV {(W/1000 Tenp.
_Fo. (ft/sec) (gr/dscf) (gr/dscf) _ (X))  (cm/seq) _acfm)  _(°F)
37 3.17 2.899 0.049 98.31 13.13 290 286
38 3.23 2.100 0.040 98.10 12.98 305 290

As can be seen, there was no appreclable observed effect from the increase in

rapping.

RR:8280r 7=20
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7.3.3 d sts - W ctio

"It is evident from Table 7-4 that in the tests from May 19 to July 28, ESP

performance was considerably poorer when lime was injected than when it was
not. A considerable effort was made to find an explanation since these
findings were so contrary to previous findings and to the results of the first

series of tests at the start of the program {n November 1986,
In this subsection, the results of the tests with lime injection are
presented, followed by a discussion of what may have caused the

lower~than-expected efficiency.

0f the 39 tests with 1lime Injection, 31 were with caleitic lime injection. In

'four teats, a slurry of calcitic lime and reecycled waste solids was injected.

Two_tests used dolomitic lime, and two a mixture of calcitic and dolomitice

~ limes. Table 7-4 1lists the reagents injected and their concentratioms.

Effect of Gas Velocity and SCA - With Lime Injection. Figure 7-5 shows all of

. the tests with lime injection that used the maximum possible input of power.

With caleitic lime injected, the collection efficiency (percentage) fell from
the low 90s to the mid-80s as gas velocity increased from 1.7% to about

2.8 ft/sec through the ESP. RNote in Figure 7-2 that with no injection,
efficiency decreased also, but from about 99 percent to about 98 percent as
gas velocity rose from 2 to about 3.2 ft/sec.

In Figure 7-5, the efficiencies for collecting the solids from dolomitic lime
injection were somewhat higher, and those from calcitic lime plus recycled
solids were somewhat lower, than the results with calcitic lime. (The two
tests with mixed lime, tests 63 and 64 in Table 7-3, were considered as

dolomitic lime.)

‘The three tests with calcitic lime at low velocity, at about 1.2 ft/sec in
_Figure 7-5, show considerably higher removal efficiencies, comparable to those

with no injection.
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Figure 7-6 is & plot of collection efficiency versus SCA for injection with
the three slurries: caicitic lime, calcitic lime plus recycled scollds, and
dolomitic lime (including the mixed dolomitic and calcitic limes). This plot
includes test data with only the first fleld energized for the lower values
of SCA.

Filgure 7~-6 shows that collection falls off rapldly as SCA decreages. This
rapid falloff of performance as SCA decreases (velocity increases) could be
due to several factors. Included in these factors would be nonuniform gas
velocity distribution causing reentrainment of ash from the cbllection plates
or hoppers, and carryover of wet material into the precipitator when injecting
slurry. A lack of sufficlent drying time could cause electrical tracking &nd
deterjiorated precipitator performance. This is discussed in subsequent
sections of this report.

Figure 7-6 alse Indicates deteriorated performance at all velocities wvhen
injecting slurry, as compared with operation with no slurry injection (see

- Figure 7-3).

Effect of Gag Temperature. Most of the tests with lime injection were carried

out with the gas temperature downstream of injection close to 160°F. However, i
several tests were made at about 170°F and 150°F. Table 7-6 shows four groups
of these data with the comparable tests in order of increasing temperature, ‘
The first group, at the higher gas velocity and with both fields energized,
clearly shows performance improving as temperature goes up. The gecond group,
tests 20 and 18, shows just the opposite. The last two groups, tests 1 and 3
and tests 2 and 4, at low velocity, show a slight decrease in performance at

the higher temperature,

To decide whether this contradiction is due to random scatter in the data or
to 8 real effect, replicated ESP tests were tabulated in Table 7-7. The first
group in Table 7-7 is for conditlons that correspond to the first group in
Table 7-6: injection of 12 percent calcitic lime into gas flowing in the duct
at 50 ft/sec. At 160°F, the average removal in these seven replicated tests

wvas 86.3 percent. However, the standard deviation among the seven tests is
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Table 7-6

EFFECT OF GAS TEMPERATURE ON ESP COLLECTION EFFICIENCY

Gas Gas Particulate Concentration Collection

Test Temp. No. of Velocity {gr/dscf) Efficlency EMV

No. (°F)  Fie}ds (ft/sec) = Inlet Qutlet  ___ (%) __ (cm/sec)
17 159 2 2.74 5.618 0.797 85.81 10.6
21 161 2 2.85 5.687 0.627 88,97 14.0
19 170 2 2.82 4.512 . 0.412 90.87 15.4
20- 151 1 2.85 5.921 1.642 72.27 9.5

18 171 1 2,99 5.331 1.747 67.23 7.6
1 148 2 1.28 4,098 0.024 99.41 34.1
3 16l 2 1.20 4,360 0.038 99.13 27.4
2 148 1 l1.24 4.881 0.059 98.79 49.0
4 159 1 1.23 4,050 0.066 98.37 42.4

2.12 percent. If random errors cause the deviations, 95 percent of similar

‘tests would be expected to show removals within 2.5 standard deviations of the
‘average. Therefore, random variations would cause measured removals to vary

between Bl.0 and $1.6 percent in 95 percent of similar tegts. Thus, the range
of removals shown in tests 17, 21, and 19 in Table 7-6 could very well be due

-

to random variations in the measurements.

" The same conclusion applies to the three other pairs of data in Table 7-6

showing collection efficlency at different temperatures., Therefore, any
effect of gas temperature on collection efficiency is too small to be evident
from the data in Table 7-6. The temperature range was too limited to show any
decisive effect over the range of precision of the data.

Effect of Lime Concentration. Four tests were carried out st a higher

{17 versus 12 percent) concentration of calcitic lime slurry to evaluate the
effect on ESP performance. Tests 28 and 29 were run at 30 ft/sec (SCA = 280),

.and tests 44 and 45 were run at 50 ft/sec (SCA = 180).
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. Table 7-7

REPLICATED ESP TESTS

156

Outlet
. Gas Removal Particulate Voltsge and Current
. Test Temp. Efficiency Goncentration lst Fld 2nd Fld
" _No, {°F) — (% —(gr/dsef) (kV/mA) (kV/mAY
Injection 10 to 12% calcitic lime slurry;
0 8 velo ec
7 160 84.6 0.8B42 53/44 54/%9
8 160 86.8 0.687 60/63 55/68
12 160 87.5 0.711 58/60 54/72
21 160 88.97 0.627 59/75 54/76
46 160 82.89 0.984 57/69 54/70
50 160 88.0 0.652 T 57/52 52/73
54 160 83.43 0.826 57/67 51/71
Avg./std, dev. 86.31/2.12 0.761/0.128
No injection;
omina as v t t c
36 284 98.13 0.058 . 46/69 45/78
37 286 98.31 0.045"" " 46/67 45/76
as 290 98.00 0.040 437/72 46/77
51 304 96.5 0.101 42/61 43/63
52 289 97.14 0.08s A4/717 44/78
-~ 59 278 97.74 0,050 41/66 43/66
. Avg./std. dev, 97.64/0.69 0.064/0.024
: No injection;
a veloclt f e
23 282 99.68 0.0127 47/77 45/73
25 280 99.75 0.0111 46/77 47/75
58 261 99.25 0.028 43/60 44/66
60 278 99,49 0.0151 43/60 43/64
Avg./std. dev, 99,54/0.22 0.0162/0.0066
[ O W
42 160 - 99.47 0.010 54/75 54/74
43 160 99.68 0.0073 55/75 §5/75
53 160 99.88 0.0024 57/73 53/73
" Avg./std. dev, 99.68/0.21 0.0066/0.0039
RR:8280r 7-26
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The results for tests 28 and 29 were almost the same as those from test 9 with
-12 percent slurry and comparable conditions. Likewlse, test 44 with 84.73
percent removal compares closely to the average removal of 86.31 percent from-
the seven similar tests with 12 percent alurry (see Table 7-7). Test 45 gave
a lower removal, 80.61 percent, but unstable injection conditions make this
result questionable. Thus, changing the lime concentration from 12 to

17 percent seems to have had little effect on the ESP.

t ow ut_w . Flgure 7-7 shows how collection
efficliency increased with power input when lime wags injected. Note that the
tests at low gas velocity through the ESP (approximately 1.2 ft/sec) are again
plotted separately, since thelr removal efficiencies were 50 much greater than
the other tests with lime injection.

The test results shown in Figur; 7-7 are for calcitic lime. Teats include one
field only, those at reduced power, and those with different rapping
conditions. The four tests with recycled solids mixed with the lime gave
removals similar to those with calcitic lime alone.

In general, the maxipum power levels were higher and the increases in
efficiency with power levels were lower with lime injection than they were
with fly ash alone (compare Figure 7-7 with Figure 7-4). In addition, at a
specific power input the range of removal efficlencies was much lower for lime
injection than without.

Figures 7-8 and 7-9 also show how collection increased with power whether lime
was injected or not. They also point out that efficiencles of ESPs collecting
fly ash in coal-fired power plants (Reference 7-3) are typically higher than
those that wvere observed in these tests with fly ash alene or vhen lime was

injected.

Effect of Rapping. Four tests were made to evaluate the effect of rapping
when calcitic lime (CL) was injected. All four tests were carrled out at a
gas flow of 50 ft/sec, approximately 20,000 acfm at the ESP 1nlet
(corresponding to a precipitator gas velocity of 2.7 to 3.0 ft/sec and SCA of
173 to 177), a temperature of 160°F, and with maximum power input.
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The tests indicated that rapping frequency did not affect performance.

Test 21 on May 29, 1987, was used as a base test under normal conditions as
stated above, while test 22 was carried out with no repping of the collector
plates. Table 7-B shows the results.

Table 7-8

COMPARISON A - EFFECT OF RAPPIRG

Inlet Outlet Collection
Test Loading Emission Efficlency
Ho, (gr/dscf) {exr/dscf) —(x
Test 21 5.687 0.627 BB.97 Notmal rapping
Test 22 5.428 0.652 87.99 No rapping

_On June 13, 1987, three tests were carried out, test 48 with continuous
collector rapping, and tests 49 and 50 with no rapping. Table 7-9 shows the
results.

Table 7-9

COMPARISOR B - EFFECT OF RAPPIRG

Inlet Outlet Collection
Test Loading Emission Efficiency
Bo. = (&r/dscfd  (gr/dscfd  _ (%)
Test 48 4,850 0.723 85.09 Continuous rapping
Test 49 5.711 0.779 86.36 No rapping

Test 50 5.402 0.652 87.93 Ro rapping

Although there ls some variation in inlet loading and emissions during these
three tests, the performance is essentially the same. However, it might be
noted that boiler load gradually climbed during the test periods and that raw
gas temperatures to the system rose from an initial 290*F to 330°F. It is
also noted that the inlet filter sample had a distinet "“fly ash" coloration
following tests 49 and 50, whereas following test 48, it had a predominately
white "lime" coloration.
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Particle Migration Velocity. Figure 7-10 is a plot of effective migration
velocity (EMV, calculated using the Deutsch equation with k = 0.5) as a

function of gas veloclty for all the tests made st full power. Injection of
water alone gave the highest migration velocities, 70 to 150 cm/sec. Fly ash
only with no injection was next highest, from about 40 to 80 cm/sec, while
most of the points for calcitic lime injection were much lower, between 5 and
15 cm/sec. The five points for lime injection falling between 25 and

50 cm/sec are the tests at 20 ft/sec (1.2 ft/sec through the ESP), that gave
collection efficiencies very much higher than the rest of the lime injection
tests. The three EMV values between 20 and 25 cm/sec with lime injection were
from tests with dolomitic lime and with mixed lime.

From Figure 7-10, EMV seems to fall off somevhat ag the gas velocity
increases, Actually, according to the assumption of thg Deutsch equation, EMV
should remain constant as gas velocity changes.

Figure 7-11, showing EMV as a function of ESP power input, gives an excellent
correlation for the tests without injection (the empirically fitted curve
labeled DRY), EMV values increase with increasing power input, as they
should. For the tests with calecitic lime injection, vhich includes all the
points with EMV values below 20 cm/sec, the EMV rises much less thaﬁ expected
as power input increases. This fact suggests that the power was not used
effectively, and that there may have been leakage acroass insulators, possibly
caused by localized moisture in the dry solids.

Figure 7-12 shows the effect of long-term operation on performance as judged
by migratien velocity. Initially, performance decreased with operating time.
This may have been & "conditioning effect"” on the precipitator. It has been
Bechtel's experience that most precipitatofs deteriorate for a few days from a
nev condition, Eventually, a steady~state condition is reached. During the
Campbeil testing, deterioration continued. It is suspected that power
tracking or shorting somewhere in the precipitator was 1ncréasing with time.

A break in the degradation occurred after test 22 where a period of operation
with no injection and a period of water spray operation occurred. However,
the perfofmance decline again continued from tests 28 through 35,
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'The period of ash-conly and water-only operation of tests 36 to 43 changed the

performance trend. Tests 46 through 64 generally produced & trend of

improving performance.

Iniection of Dolomitic Lime. Two tests (61 and 62) wvere made with a

- 15 percent slurry of dolomitic lime injected. (Two other tests, tests 63 and

64, used a mixture of dolomitic and calcitic limes. These will not be

"considered here because lime slurry was injected only through the downstream

nozzle, and water was injected upstream.)
Test 61 at 30 ft/sec removed 96.79 percent of the particulate matter.
Compariscns with other similar tests using calcitic lime, all at 30 ft/sec and

160°F, are shown in Table 7-10.

Table 7-10

COMPARISON A - DOLOMITIC VS CALCITIC LIME

Dust Concentration

" Test {(gr/dscf) Efficlency EMV

Bo. Inlet = Outlet _ (%) (cm/sec)
61 106.590 0.340 96.79 20.8 Dolomitic lime, 15%
9 5.989 0.436 92,80 12.7 Calcitic lime, 12%
28 7.674 0.619 91.93 11.4 Caleclitic lime, 17%
29 6.810 0.437 93.58B 13.5 =& Caleitic lime, 17%

The other test (see Table 7-11) with dolomitic lime, test 62, at 50 ft/sec can
be compared with the average of the calcitic lime tests at 50 ft/sec and 160°F. .

Table 7-11

COMPARISON B ~ DOLOMITIC VS CALCITIC LIME

Dust Concentration

Test {gr/dscf) Efficiency EMV
No,  Inlet = Qutlet _ (%) = (cm/sec)

62 7.519 0.937 87.53 12.3 Dolomitic lime, 15%
Av. of

7 tests 5.559 0.761 B6.31 11.6 Calcitic lime, 12%
RR:828B0r 7-36
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While the two comparlsons show improved removal with dolomitic lime, the
result is inconclusive, Improvement was very slight in one case and only two

tests were made with the PHDL.

In the earlier tests with dolomitic lime, in November 1986, the ESP
performance was better than in tests 61 and 62. Collection efficiency in the
earlier tests ranged from 97.1 to 99.0 compared with 87.5 and 96.8 in these
two later tests. Therefore, whatever adverse conditions contributed to the
poor ESP performance with the caleitic lime also operated to cause poorer
performance with these two dolomitic lime tests.

Effect of Conditioning Time. Tests 56 and 57 were run to see vhether
conditioning the ESP by keeping the conditions of the test (except for gas

velocity) constant for 10 to 15 hours preceding the test was a factor in
cauaing the low removals with lime injection. To eliminate the lime
conditioning effect, water only was injected into the ESP to hold the gas at
160*F overnight. Test 56 was carried out with only water injected.

Rext, just before starting test 57, which followed right after test 56,
injection of 10 percent calcitic lime slurry began, with all the other
conditiong kept the same, The results are tabulated in Table 7-12, along with -
three comparable calcitic lime tests that bad 8 10- to 15-hour lime
conditioning time, for comparison.

Although test 57 showed somewhat better performance than tests 9, 28, and 29,
the significant result is that removal in teat 57 was &0 much less than in
test 56. Injection of the lime slurry caused the ESP performance to fall off
almost immediately, showing that conditioning with lime injection was not
responsible for the reduced ESP performance,

7.3.4 et O t

An opacity meter was installed in the duct downstream from the ESP and the ID
fan. This meter had a range from 0 to 25 percent, with a light path of 3 feet
across the duct diameter. Before each test, the glass was cleaned at the

RR:8280r 7-37
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" Table 7-12

EFFECT CF CORDITIONING TIME

Dust
Gas Concentration Power
Test TFlow  Temp. {gr/dscf) Eff. EMV Vs {watts/
Bo., (gcfmd (*F) Iplet Outlet (X) {cm/sec)(ft/pec)l000 acfm) Condition
56 11,450 158 2.349 0.003. 99.87 73.1 1.63 609 Fly ash
‘ and water
57 11,550 158 4.504 0.205 95.54 16.0 1.64 635 Fly ash
and calcitic
lime, 10%
9 12,700 160 5.989 0.436 92,72 12.7 1.81 580 Fly ash
and calcitic
lime, 12%
28 12,440 159 7.674 0.619 91.93 11.4 1.77 650 Fly ash
) and caleitic
lime, 17%
29 12,350 158 6.810 0.437 93.58 13.5 1.76 649 Fly ash
and calcitic
lime, 17%
RR:8280r 7-38
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light source, and the photco cell and the zerc and span were adjusted. The
glass stayed relatively clear and the zero and span showed little drife.
However, because the zero adjustment would not make the instrument read zero,

the indicator was "zeroed" at 5 percent,

Figure 7-13 shows how the indicated opacity varied with time in five tests
where the gas flow was increzsed at about 0800. In every case, the opacity
resding was fairly steady whlle the gas flow wvas low (20 ft/sec, except for
the test on June 13, where it was 30 ft/sec prior to 0700). When gas veloclty
increased to 50 ft/sec, the opacity increased sharply, and then in three of
the five tests it came back down a little. Occasionally, brief “gpikes" were
gseen, some of which are shown in Figure 7-13.

Although the absolute value of the opaclity is not significant, because of the
uncertaln zero value, at low gas veloclty, actual opacity readings ranged from
6 to 9 percent. When gas velocity increased, so did opacity, and it increased

more when lime was injected than when it was not.

Other data show that the opacity either held fairly steady or decreased slowly
over long periods at low gas flow. Bowever, there was some tendency for
opacity to climb slowly at the high gas flows. Since it was not feasible to
operate at high gas flow for more than 4 or 5 hours, the opacity was not
followed beyond that period. However, the data in Table 7-4 do not show that
the outlet particulate concentration was consistently higher in succeeding

tests on the same day.

7.3.5 VI Curves

Voltage-current (V1) curves were taken for each ESP test, both immediately
before and after each test run. Data for the VI curves were taken by running
up each AVC manually, outlet field first, in increments of approximately

10 kV, and taking voltage and current readings at each point. This continued
until sparking took place, the primary current limit of 15 amps being reached,
or until either the maximum voltage (60 XV) or plate current (80 mA) was

reached on the AVC panel.
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VI curves were then obtained by plotting secondary current (mA) against
secondary voltage (kV),

Flgure 7-14 is a set of typical VI curves for the second series of tests,
taken under comparable conditions, showing the relative electrical
characteristics for each injection condition tested. The curves with
injection of water and those with calcitic lime slurry injected are very
similar, although they rise much more steeply with no injection.

Table 7-2 shows that in the first series of tests during November 1986 when
PHDL was injected through both nozzles, over 50 kV was needed to get plate
currents approaching 70 mA. This is similar to the VI data for calcitic lime
Injection shown in Figure 7-14, However, ESP efficiency exceeded 98 percent
in three of the four two-nozzle tests in Rovember 1986, while the collection

efficiency was much lower in the later series of tests.

For most tests, the VI curve for the second field (TRC-2) was somewhat steeper
(1.e., more current at & given voltage) than it was for the first field. This
phenomenon is exhibited by most precipitators.

Complete pets of electrical readings were taken approximately every 10 to
15 minutes during the test periods, Tables 7-3 and 7-4 show averages complled
from the readings for each test.

The AVC units were run in "manuval" setting for all tests in the second
series. The "control" point for each test condition was selected by first
running the "pretest™ VI curve; then setting the AVCs to a level just below
that at which any instability was evident. The other limiting factor was the
pize of the transformer/rectifier sets themaeslves, which, as noted, placed

limits on the voltage and current.
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Figure 7-15 correlates the plate current with applied voltage for the tests
with lime injection. The polnts in Figure 7-15 are for the first field,
TRC=-1, and only data from tests at maximum power were plotted. Rote that in
wost of the tests with dolomitic lime, it appears that less voltage was
required to generate the plate current. 7The wide variation in the points
suggests variable buildup of solids on the wires or plates, or significant
current leakage.

7.3.6 Resistivity Meagyremente

In an effort to find & reason for the big difference in ESP performance with
and without lime injection, the resistivity of the particulate matter was
measured. Southern Research Institute made the meaaurements using an in situ
technique it has developed. This technique has been used extensively on
typical flue gases and it provided reproducible results. However, its
application on flue gas downstream from in-duct injection is relatively new
and the results are subject to confirmation,

Table 7-13 tabulates the values of measured resistivity. The results,
summarized in order of increasing resistivity, are:

0o Fly ash alone, no injection, 270°F 1.1 - 2.7 E9 ohm-cm
o Injection of caleitic lime, 160°F 3.4 - 4,3 E10 ohm-cm
¢ Injection of water, 160°F 3.6 - 4.8 E10 ohm-com
© Injection of dolémitic lime, 160°F 4.§ - 4.8 E11 ohm-cm

The lower resistivity for fly ash alone without injection is reasonable, but
for the three other cases the resistivity values bear no relationship to the

ESP performance,

The variations of resistivity with temperature are also anomalous: with
dolomitic lime, resistivity is lower at lower temperature (as expected), but
with water only, it is higher at lower temperature (not as expected).
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The measured values of fly ash resiétivity (1.1 to 2.7 E9 ohm-cm) without
injection of water are typlical when coal of 2 to 2.5 percent sulfur is burned,
_ and they agree with resistivity calculated from the ash composition
{Reference 7-4). However, the high resiativity of the fly ash with water
injection is difficult to explain. It was postulated that slkall in the
injected water could react with the sulfur trioxide (503) in the flue gas.
This could increase ash resistivity. However, reaction of all 803 with
alkalil in the water seems unlikely. Measurement showed an acid dew point
(ADT) of 250°F for the flue gas - equivalent to 2 ppm of 503. Even if the
water injected contained 100 ppm of bicarbonate alkalinity, it would be

Insufficient to neutralize all this 803 to bisulfsate.

7.4 DISCUSSION OF ESP TESTS

Why the ESP performance deteriorated in these tests when lime was injected is
the major question to be answered. Other corollary questions are:

(¢} Why did the ESP collect solids from lime injection so
efficiently in the early teats, Rovember 19867

0 s the low ESP efficiency with limeiihjéctioh in the second
series of tests a general effect or was it caused by some
¢lrcumstance pecullar to these tests?

Unfortunately, the date do not provide conclusive answvers.

The following discussion considers several possible causes of the poorer
performance with lime. Some of these possibilities can be eliminated, while
others are more likely and lead to tentative answers to the questions.

7.4.1 Registivicy

The higher resistivity of the particulate matter, when either the dolomitic or
the calcitic lime was injected into the duct, compared to that of fly ash
alone (with no injection) could explain wvhy lime injection degraded the

. performance of the ESP. As shown in Table 7-13, resistivity with ecalcitic
lime was about 4 El1Q0 ohm-cm, and with delomitic lime it was ten times higher,
~about 4.6 E11 ohm-cm. When there was no injection, the value was less than

one-tenth these values, 1.6 to 2.6 E9 chm-cm. However, when only water was 4
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injected, the resiativity was just as high as with calcitic lime, 3.6 to

4.8 E10 ohm-em, and the best removal was achieved., Therefore, it is hard to
see how the high resistivity from either type of lime can be the cause of the
poor collection efficlency.

Figure 7-16 shows ash resistivity calculated by the well-accepted method
(Reference 7-4) developed for the EPA. The resistivity is highly sensitive to
flue gas temperature and flue gas SO3 content, Calculations indicate that
resistivity is not very sensitive to flue gas moisture and ash calcium content

over the ranges used for these tests.

The measured ash resistivity at a probe temperature of 231°F to 247°F was
1.09 - 2.65 E9. Figure 7-16 indicates that this corresponds to a gas 503
content of about 3 to 7 ppm.

Since calculations indicate that neither injection of water or lime would

raise resistivity to the levels measured, it is postulated that the water and
lime injectlon altered the availability of the 503
reduction. The meagured resistivities correspond to an extrapelation of the

for registivitcy

curve representing & gas content of zero so3 to the temperatures wvhere

reslstivity was measured.

As discussed above, the effect of water on reduction of 503 and increase of
resistivity is not likely to be as significant as measured. However, the
effect of the lime on increasing resistivity by reaction with so3 is more

probable. This possibility requires further investigation.

7.4.2 Particle Size

As shown in the photomicrographs in Appendix C, the fly ash was courser‘than
either the dolomitic or the caleitic lime, unless possibly agglomeration
ralsed the effective particle size of the lime, Therefore, if a big .
proportion of the unreacted lime and reaction products was dispersed when it
dried, the concentration of very fine particles (i.e., less than 1 micron)
entering the ESP was much higher when lime was injected,

RR:8280r 7-47
Part 2
177



uoqienajen ANANSISAH ysy gi-2 ainbi4

0 '3MNLVEINIL
00z

051 00l 08
€ e LI R L X or (2 e ce A T ..a.ﬂ- l.ﬂ:.m
. b
4
]
[ [ ]
= e \ = o
/
\ . v
. /— .
— - [ ]
NOILLDAN oA Hilm Q3vogdavy
- [ 4
-/ .u...
P #— v 2
¥ @
N o 2
> . . <
lr// nh%v .hw mv oo mu
- o L
N 0 ..vk ¢ m.
A NNVIUN 7 R m
(/A% Q1318 HNUA2NVE v A
——— —— | =2 um 2218 $13010va vanf - A i = 4
Igw/ps ALiSOMOY - #1/ \..~ 4 T . oL
Ty Ig3/8) ALISN3Q ¥ING |
HOI ﬂs /‘\ \\ ﬂ
—_—r— gl %03 L~
TF = - Z =
ﬂ ] MM" ﬂg- ﬁ° - r
; Sofiv By OS\HWdd O '
N-MQN it Breneand 3 T .
Bl o | et e o
e Ot | LNIOWEE INNIOA NI 3SWHY SYD
T ofx 4
F) of o
Sp- o ,
TRUTaThoTA T O oD ow ’
NOI1LIS040D NOLLHNISIO ONY VeSS [ ]
11---1,-1111111-- SEEEE S ) 4 v L T v ) § L ] ) g T lmaP
006 - 008 0oL . 0O 005 oov 00¢ 00z

do "IHNLVHIJWAL .

7-48
178

Part 2



This possibility is supported by the observation that the particulate matter
collected on the filter of the inlet sampling probe during ESP tests was wvhite
and appeared to be mostly lime and reaction products. Solids that deposited
in the duct, on the other hand, were dark and appeared to contain a higher

percentage of fly ash.

Furthermore, vhen lime was injected, the solids collected on the filter of the
inlet sampling probe were lcose and free flowing. By contrast, the samples of
fly ash, elther with or without water injection, formed a coherent cake on the
filter. Thus, the fly ash alone appeared tc have a greater tendency to
agglomerate than the solids from lime injection did.

‘The above observations supggest that with lime injection .the particulate matter-
is finer and more dispersed and, thus, 18 Intrinsically harder to collect. A
lower agglomeration tendency would also increase reentrainment in the
precipitator. 1If this caused the poor ESP performance, then the high
collection efficiencies with lime injection observed in the tests in Rovember
1986 may have been due to the cleanliness of the new ESP. The performance of
many newly installed ESPs degrades for a period of a few days to a few weeks
before reaching steady state, However, improved ESP performance was observed
by othera with spray dry FGD systems opératins upstream of ESPs. This
observed improvement argues against a concluslon that lime injection

necessarily impairs ESP performance.

The benefit of the CZD system on precipitator performance will depend on the
fly ash and flue gas properties. For relatively low-sulfur coals, higher
resistivity ash will be produced which hinders precipitator performance.
Injection of water and lime will increase the collection efficlency of the
precipitator. This 1s due to the lower flue gas temperature reducling ash
resistivity and ellowing more electrical power input without detrimental

sparking.

For a high-sulfur coal application, the ash reaistivity is already
sufficiently low to allow coptimum precipitator performance. Reduction of the
flue gas temperature does not improve precipitator performance, However, the

possibility of the injected water and lime interfering with the resistivity
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reducing action of the 803, as discussed above, suggests that lower flue gas
~ temperatures may compensate for loat 503, reduce ash resistivity, and

. {mprove preciplitator performance.

7.4.3 c 1l Leakage

- Another posglble explanation for the lover removals with lime injection is
that incompletely dried solids collected on insulators or built up on the
wires or plates and allowed power to leak away. Flgure 7-11 shows that
migration velocity increased gignificantly with power input in tests with no
injection, while with lime injection, migration velocity was much lower and
increased very little with power. Also, although collection efficiency in
Figure 7-8 increases with power when lime is injected, the points are quite
scattered, suggesting the influence of some random effect like bulldup and
leakage. By contrast, the polnts for collection efficiency without injection
" ip Figure 7-9 lie cloge to a smooth curve with little scatter. (Rote that the
" gcales in Figure 7-9 are expanded compared with those in Figure 7-8 which
makes the points In Figure 7-9 appear more scattered than they are.)

Water alone injected into flue gas can be expected to evaporate more rapidly
than the water in li{me slurry. Thie condition will occur because the drying
rate decreases with slurry droplets once the free moisture on the outside of
the particles evnporaies. In addition, with water injection, the loading of
80lids to the ESP was lower and the solids were coarser than with lime
injection. Furthermore, the solids were not likely to be completely wetted
with water-only injection, so that drying was more likely to be complete
before the particulates reached the ESP.

On one occasion late in the test program, the ESP was energized while the
manhole at the inlet was open and air was pulled through the ESP. Sparking
could be heard in the vicinity of one of the insulators suspending the
emitting electrodes in the first field. An attempt was made to clean these
insulators with an alr lance, but they were not accessible enough to clean
them thoroughly. The above observation supports the possibility that
electrical leakage at least contributed to the poor ESP performance with lime
injection.

RR:8280r 7-50
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The solids discharged from the ESP hoppers always appeared dry and
free-flowing, thus tending to refute the argument that incompletely dried
solids caused sparking and power leaks when lime was injected. When the
hoppers were emptied, there were few stoppages, and these were always easy to
break loose. Furthermore, the collector plates and discharge electrodes did
not accumulate deposits that were more than about 1/8-inch thick. These
deposits were loose and easily brushed off; there was no evidence that wet
solids had been collected.

The improved ESP performance when lime was injected at very low gas velocities
can be explained by the longer time available for drying and finer
stomization. Consequently, faster drying was achieved at the lower injection

rates.

Simllarly, the higher dowvnstream gas temperatures used in the November 1986
tests (180°F and higher in four of six tests) may have dried the solids more
thoroughly.

Also, the test with maximum power and gas flowing at 50 ft/sec (test 18 on
May 28) that gave the highest efficlency with lime injection at this gas flow
was at 170°F compared with 160°F for the other tests.

Thus, the evidence 1s strong, though not conclugive, that incompletely dried
s50lids caused excessive electrical leakage when lime was injected to bring the
gas temperature down to 160°F in the second series of tests. If this is the
reason wvhy lime injection caused the ESP performance to fall off, it can be
corrected by better protection of the insulators and by improved atomization
of the slurry.

7.4.4 Uneven Gas Distribution

when the test program was nearly over, it was found that the flow of golids in
the test duct could be observed visuvally through the 4-inch sampling nozzle on
the top of the duct 80 feet from point 3, where the dowvnstream spray nozzles
were located (gee Figure 7-3), The entrained particulate matter was dilute
enough to allow the bottom of the duct to be seen with a spotlight directed
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through a glass plate on the nozzle. This showed a concentrated stream of
s80lids in the bottom 1 to 2 inches of the duct moving along more slowly than
the gas, Obviously, most of the particles in this stream on the bottom of the
duct were too coarse to stay suspended in the main stream of the gas, and
these may have been incompletely dried.

About 30 feet beyond the sampling port, the duct turned upward 180° and
connected to the ESP. Diverging vanes in the transition piece at the entrance
to the ESP slowed the gas down and distributed it over the cross section of
the ESP. An array of vertical &4-inch pipes serving as baffles just ahead of
the collector plates also helped to distribute the gas flow evenly. However,
it may be that the U-bend just shead of the ESP concentrated a jet of solids
and high-velocity gas, part of which was deflected upward by the top diverging
vanes and found its way through the baffles with enough momentum to impinge on
the insulators in the first field. Thise posalbility is consistent with the
particularly poor ESP performance in tests 34, 35, and 47 which had the
highest gas flow in the duct, 60 ft/sec.

From the evidence available, it appears that electrical leakage is a likely
cause of the poor ESP performance observed with lime injection. Segregation
of the largest, slowest drying particles, combined with an ESP inlet geometry
that directed them to the vielnity of the insulators supporting the emitting
electrodes, may have been a significant factor in cauvaing the leakage,

Another poesibility is that localized high velocity areas in the precipitator
caused reentrainment of collected particulate either from the eolleétion
plates or hoppers. There was no shape model testing of the precipitator and
ducting. There were no fleld tests of velocity uniformity at the precipitator
inlet and outlet, Reentrainment is suspected because performance improved
much more at reduced velocities than would be predicted by the Deutsch
equation with a k factor equal to 0.5. This phenomenon was observed both with
and without lime injection. In addition, if the lime formed a fluffy
nonagglomerating material, it would be subject to reentrginment due to
localized high velocities,.
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acfm
ADT
AST
AVC
bhp
CEM

CL
cone
CPC
¢ZD
DOE
d/s
EMV
ESP
Eff
FGD
&pm
HEV
ID
Injection
ksefm
L

LFR

MWe
NWIR
02
OH
0OsM
PEDA
. PENELEC
PETC
PHDL
PRDA
P&ID
P&ID
5ca
scf
scfm
S0 2
80 3
S85Co
T/R
u/s
VI

w
wC

ABBREVIATIONS, ACRONYMS, AND DEFIRITIONS

actual cublc feet per minute

acid dew point

appreach to saturation temperature

automatic voltage contrel

brake horsepover

ctontinuous emissions monitor, term used to designate 50,-0;
monitor

calcitic lime

concentration

Consumers Power Company

confined zone digpersion

U.S5. Department of Energy

dovnstream

effective migration velocity

e¢lectrostatic precipitator

efficiency

flue gas desulfurization

gallons per minute

higher heating value

induced draft

spraying lime slurry or water intoc flue gas flowing in a duct
thousand standard cublc feet per minute

lime

lime feed ratio, moles of lime (both Ca and Mg) fed per mole of
80; entering

megavatts, electric equivalent

nitrogen oxides

normalized water injection rate

oxygen

hydroxide concentration

operating and maintepance

Pennsylvania Energy Development Authority

Pennsylvania Electric Company

Pittsburgh Energy Technology Center

pressure hydrated dolomitic 1lime {(also called Tvype S lime)
Program Research and Development Announcement

plping and instrumentation diagram

process and instrumentation diagram

apecific collection area

standard cuble feet

standard cubic feet per minute

gulfur dioxide

gulfur trioxide

Spraying Systems Company

tranaformer/rectifier

upstream

voltage current

water

water column, the head difference in a water manometer

All temperatures are in degrees F, unless specified otherwise.
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Section 1

INTRODUCTION

1.1 BACKGROUND

Pennsylvanie Electric Co., (PENELEC) supplies about 40 percent of the
electricity consumed in western Pennsylvania. Nearly all of it is generated
by burning local coal. Proposed acid rain abatement regulations stimulated
PERELEC into evaluating various methods available for compliance with the

proposed regulations.

Bechtel's Confined Zone Dispersion (CZD) proceass for flue gas desulfurization
(FGD) was one method selected for evaluation by PERELEC. The CZD process
involves injecting a finely atomized slurry of hydrated lime into & straight
run of duct between a boller’'s air heater and its precipitator. Small-scale
experiments had shown that an air atomizer can make fine sprays that will dry
rapidly enough to avoid deposits on duct walls. A highly reactive lime was
used that captured a significant proportion of the 302 during this ghort
drying period., The CZD process is proprietary, covered by U.S. Patent Ro.
4,623,523,

A cooperative test program to study the effects of the CZD prdcesa retrofitted
onto one of two parallel flue gas ducts on the 140 MWe Unit 15 boller at
Sewvard Station was entered into by PENELEC, Bechtel, and the Pennsylvania
Energy Development Authority (PEDA) in November 1986, Proof-of-concept
testing at a pilot-scale level cf 5 MWe, supported by the U.S. Department of
Energy (DOE), was under way having entered a 3-month shakedown phase in
October 1986. Knowledge gained in this pilot-scale tesating would be utilized
in the Seward testing. Additional support to extend the Seward testing was
provided by the DOE and Kew England Power Service in the summer of 1987,
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1.2 OBJECTIVES
The objectives of the Seward Station test program were to:

o Establish the level of S0p removal effectiveness of the
CZD technology under full-scale operating conditions

©  Measure the impact, if any, of the CZD system on plant
operation, such as corrosion in the duct, erosion, fouling,
and particulate emissions from the stack

© Make a 4-week continuous run matching variations in boiler
load, flue gas velocity, inlet temperature and inlet S0,
concentration to maintain an adequate outlet flue gas
temperature, and SO, removal without affecting the normal
power plant operation '

© Measure the particulate removal efficlency of the
electrestatic precipitator (ESP) with and without lime
slurry injection to determine the capability of the ESP to
handle the additional grain loading when lime is injected
into the system

¢ Test the effect of both preassure hydrated dolomitic lime
(PHDL) and caleitic lime (CL) on SO removal, lime
utilization, and ESP performance

© Determine 1f the DOE proof-offconcepiygﬁals of 50 percent
507 removal and a levelized removal cost less than
$500/ton of S0, are obtainable

A 5-month test program that began in June 1987 consisted of 2 months of
shakedown testing, 2 months of parametric testing with lime slurry, and 1

month of teating during continuous operation at 24 hours/day, 7 days/week.
. The tests were predominately conducted with PHDL, but a limited number of
tests with hydrated and freshly slaked CL were also runm.

ER:8302r 1-2
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Section 2

SUMMARY

The large-scale test program at the Seward Station of the Pennsylvania
Electric Company (PENELEC) included the depign, installation, and operation of
the Confined Zone Disperslion (CZD) test system. The CZD system was
retrofitted onto one of two parallel flue gas ducts on the 140 MW Unit 15,
After shakedown of the system, the activity consisted of 2 months of
parametric lime injection tests and 1 month of continuous lime injection
tests, Electrostatic precipitator (ESP) performance was evaluated during this

latter period.

2.1 TEST FACILITY

The flue gas was treated in approximately 35 feet of & straight ductwork
section (B feet wide x 11 feet high) situated between two sets of turning
vanes. The ductwork section and turning vanes were located between two
existing ESPs. At a nominal flue gas veloclity of 64 ft/sec, the duct section
had only 0.5 second of residence time, After slurry injection, the dried
reaction products and fly ash were collected in the second exiating ESP.

Pressure hydrated dolomitic lime (PHDL) and dry caleitic lime (CL) were
received in self-unloading trucks and pneumatically transferred to a lime
s8ilo. The dry lime was slurried with water in a 2,500-gallon lime sump
equipped with an agitator. The slurry was pumped from the sump to a vibrating
screen to remove fine grit and then stored in either of two 10,000-gallon
agitated lime feed tanks.

Two centrifugal feed pumps, operating in serles, pumped lime from the feed
tanks through a pump-around loop that passed cloge to a valved manifold which
distributed lime to the atomizing nozzles. A aeparate valved manifold
distributed atomizing air to the nozzles.

RR:8294r 2-1
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On-line measurements included the following:
"0 Gas velocity and temperature upstream of lime injection
© Gas temperature before and after the downstream ESP

o 503, NOyx, and 0y concentrations upstream of the spray Py
nozzles and downstream of the ESP and the ID fan .

o Flow of lime slurry and atomizing air

© Temperature profiles in the duct cross section at several
distances downstream of the injection point

2.2 SHAXEDOWR TESTS

The shakedown tests began in June of 1987 and continued into Auvgust of 1987.
- During this period, the system was checked out and made operable, and the
operating team was mobilized and trained. Water atomizatlon tests were

»~ performed to determine the pressure and flow characteristics of the atomizing
nozzles and the orientation constraints of the multiple atomizer array.

Prior to the Seward testing, several nozzle atomizers were tested at the

. University of California, Davis, to calibrate the nozzles and to determine the

effects of eir and water rates on fineness of atomization. Kozzle performance
regults were also available from the pilot-scale CZD testing at the Campbell
Station of Consumers Power Company {(CPC). These two test programs identified
the Spraying Systems Company's (S5Co) Casterjet nozzle as an acceptable

" atomizer for the Seward tests. |

The next step involved testing the callbrated nozzles in the flue gas duct to
determine the best configuration and the minimum ratio of atomizing air to
vater required to avoid wetting the duct and turning vanes. The testing
started with a single nozzle and evolved tc & nine-nozzle array.

Because of the short duct and limited residence time, a much higher
air-to-water ratio than expected was required to provide the fine atomization v
necessary for rapid evaporation. The air and discharge orifices of the nozzle

vere enlarged to provide this higher ratio,
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2.3 LIME IRJECTION TESTS

Two months of parametric lime injection tests began in August 1987 and were
followed by a month of continuous lime injection tests in October,

The parametric tests, which normally lasted several hours, inveatigated the
effects of lime concentration on the extent of flue gas desulfurization, lime
utilization, and lime injection rate. The continuous lime injection tests
investigated the long-term effects of lime injection on the atomizers, duct
deposite, and ESP performance,

The lime injection tests confirmed that fine atomization and restricted lime
feed rates were necessary to dry the atomized droplets sufficiently to aveid
deposition on the turning vanes located about 35 feet downstream of phe
nozzles. Theae:restricted feed rates limited the maximum So2 removal. The
following results were obtained,

2.3.1

Temperature profiles taken in the duct cross section at several distances from
the injection point confirmed that a true confined zone, a moist interior
surrounded by hot gas, could be obtained,

2.3.2 PHDL Injection

With PHDL injectionmn, 502
the slurry flow rate and slurry concentration. The LFR ranged from 0.1l to

removal ranged from 6 to 30 percent, depending on

1.34. nox removal ranged from 8 to 21 percent and increased with increaaing
slurry concentration. Lime utilization, based on combined 502 and NDx
removal, ranged from 23 to 90 percent.

2.3.3 Slurry Congentration

Sulfur dioxide removal increased and lime utilization decreased with

increasing slurry concentration.
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‘ Blurry concentration. A plot of 50

2.3.4 Calecit im
“)
With CL, elither freshly slaked or a slurry prepared from dry hydrate, 502

. removal, nox removal, and lime utilizatlon were gignificantly lower than

corresponding valucs for the PHDL. The unexpected lower performance for the

freshly slaked lime may have been caused by eroded nozzle tips. Time was not «
available to repeat the freshly aslaked CL tests with erosion resistant tips.

2.3.5 Duct Deposits

It appeared that duct deposits could be prevented by limiting injection rates
to the point where the atomized droplets dried before they reached the first
interior duct surface, the turning vanes. However, since this was a manually
controlled operation, it was not peosalble to follow load closely, particularly
at night, Consequently, there were times when the injection rate was
excessive, resulting in low dowvnstream temperatures with some deposition on
the vanes and surrounding areas. Poor atomization resulting from eroded
atomizers also caused some deposits.

2.4 ARALYSIS OF S0,/NOy DATA £

The test data for PEDL were arranged into groups according to weight percent
2 removal versus gallons per minute of
slurry injected was made identifying each group with a unique symbol. It was
found that a straight line could be drawn from the origin through the data

points for each group.

These plots show tﬁat the Sewvard test data exhibit a positive linear
relationship of SO2
showed that, at a given injection rate, SO2 removal increases with slurry

removal versus slurry injection rate. The plots alsc
concentration.

Lime utilization data were plotted to determine how lime utilizatlon is

related to lime type and lime concentration for SO, and nox removal. From

2
these plots, the Seward test data show the following relationships:

o Both CL and PHDL utilization decrease with increasing lime
concentration for both 50, and NCy removal.
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o PHDL utilization is higher compared with CL for either SO,
or NOy removal at a given lime concentration.

As noted earlier, the short residence time available in the test duct at
Seward limited the lime injection rate to a point where a maximum of only

30 percent so2 removal could be obtained, A full-scale commercial system
with a longer straight run of duct would not be limited in this way.
Furthermore, the ductwork configuration at Seward is suitable for installation
of a second set of atomizers upstream of the set used, which would
approximately double the residence time. This would allew more gslurry to be
injected and result in higher 502 removal,

The plots described above were extrapolated to project the slurry injection
rate and concentration required for 50 percent 802 removal. By this
extrapolation, the injection of about 55 gpm of 7.5 percent PHDL would remove
50 percent of the SO2 at Seward. .

This extrapolation is probably conservative, Using two-stage injection and
increasing residence time would permit more injection points, better gas/spray
dispersion, a larger and more uniform confined zone, and a closer approach to
saturation temperature for the treated gas, These factors should provide
better lime utilization thereby obtaining 50 percent 802 removal at an
injection rate lower than 55 gpm.

Two-stage injection is expected to provide much higher nox removals compared
with that obtained in the single-stage injection tests during the Seward test

program,

2.5 ESP TESTS

Particulate removael efficiency testing of the downstream ESP with and without
lime elurry injection was conducted to determine the capability of the ESP teo
handle the additional grain loading when lime was injected into the system.
An exieting online opacity monitor mounted in the stack was also used to
indicate ESP performance during the testing.
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During the short-term parametric tests, the opacity decreased and remained
lower during lime injection and then increased when injection was atopped.
During the long-term continuous injecfion testa, the opaclty decreased at the
start of injection and remained low initially, but then rose after 5 to

10 hours' operation to a level exceeding the original opacity prior to the <
start of injection, Off-power rapping was successful in reatoring opacity to

. acceptable levels, but was required intermittently.

Particulate removal efficiency tests were performed for fly ash alone (no
injectiocn), during injection of PHDL and during CL injection. Omnly one slurry
injection rate per test was evaluated. The average particulate removal
efflciency was slightly higher during the CL injection and slightly lower
during the PHDL injection compared with fly ash alone. The average emisaions
were the same during CL injection but higher during PHDL injection compared
with fly ash alone.

The CZD testing was conducted with the ESP in an as-found condition. Ko
attempt vas made to optimize the mechanical/electrical conditjon prior to
testing. Anelysis of the ESP operating chnrﬂcteristica during the testing
suggeats that the precipitator had some deficiencies with the automatic
voltage controllers and rapping systems,

The capability of off-power rapping to reduce opacity levels suggests that a
well-tumed ESP, with automatic controle for voltage and rapping, and with
discharge electrode rapping, may be capable of maintalining acceptable opacity
levels during lime injection. As with the tests at Campbell Station, it §s
felt that further ESP testing 15 needed.

v
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Section 3

FACILITY ARD PROCESS DESCRIPTIONS

3.1 HOST UNRIT

The large-scale tests were carried out at the Seward Station of PERELEC. The
Confined Zone Dispersion (CZD) system was retrofitted onto one of two parallel
flue gas ducts on the 140 MW Unit 15. During the test periecd, the unit burned .
1.2 percent sulfur coal. Load typically varied from 135 to 145 MW, gas inlet
temperature typically varied from 280 to 300°F, inlet 502 concentration
varied from 730 to 870 ppmv, and gas flow rate was about 230,000 scfm.

The flue gas was treated in approximately 35 feet length of an 8 feet wide x
11 feet high section of straight ductwork between two aets of turning vanes.
The ductwork section and turning vanes were located between two existing

ESPs. At a nominal flue gas velocity of 64 ft/sec, the duct section has only
about a half second residence time. After slurry injection the dried reaction
products and fly ash were collected in the second existing ESP.

3.2 PROCESS DESCRIPTION

Figure 3-1 is the process and i{nstrumentation diagram of the CZD demonstration
unit. It shows:

© The arrangement of the CZD system equipment, interconnecting
piping, and instrumentation

¢ Flue gas flow, corresponding usages of dolomitic lime,
wvater, compressed air, and quantities of desulfurization
products generated by the systenm

L] Stream flows

o Equipment sizes, capacitles, and units of motor brake
horsepower (bhp)

Pressure hydrated dolomitic lime (PHDL) was predominantly used for the tests.
It was delivered by self-unloading trucks into the lime silo. This silo was
equipped with a vent filter, air slides, an air blover, a slide valve, a
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rotary alr lock valve, and a screw conveyer connecting 1t to the lime sump.

-

The PHDL was slurried with water in the lime sump, which was equipped with an
agitator and two sump pumps (one working, one standby). The lime silo and the

s

lime sump were instrumented for either automatic or maznusl opersation. They

were the existing components of the power station, which, in addition to

.,

supplying lime slurry fer treating the station’'s wastewater, were used for
preparing lime slurry for the operation of the CZD system. During the
demonstration program, the lime silo and sump were operated manually.

The CZD system was designed to operate using 20 wtX lime slurry. The lime
sump was designed for batchwise operation. It had a net operating capacity of
about 2,500 gallons. A batch of 2,430 gallons of slurry was sufficlent for 3
hours of CZD system operation at its full design capacity, The procedure was
to prepare 2,430-gallon batches of the lime slurry in the lime sump. From the .
" lime sump, the lime slurry was pumped to the degritting equipment in the CZD
equipment enclosure under the desulfurization duct 400 feet away. A new lime
slurry transfer pump was provided for thls purpose. This pump was connected

" to operate in series with either of the two existing sump pumps. During the

- CZD program, one of the spump pumps served a&s the first-stage transfer pump,
and the other supplied lime to the station's water treatment plant.

-~ Two forms of caicitic lime (CL) were alsoc used during the test program: dry
hydrate and a freshly slaked glurry of CL. The hydrate was delivered to the
lime silo and processed in an identical manner to the PHDL. The slurry was
pumped from self-unlcading trucks to the degritting screens with the

subsequent processing steps the same as for the other two limes.

Freshly slurried lime contains abrasive grit that is unreactive towvards 502
and can plug the atomizing nozzles. This grit was removed from the glurry by

the degritting equipment.

The degritting equipment consisted of a vibrating screen to separate grit from
the lime slurry, two agitated grit slurry tanks, and one grit slurry pump.
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The degritted lime drained from the vibrating screen to one of twe lime slurry
feed/storage tanks. The grit separated from the lime slurry dropped from the
vibrating screen into the trough that surrounded the screen and was sluiced
from it into the grit washing tank. In the tank, the grit was washed with
water for the recovery of lime entrained by it from the lime slurry. The
entrained lime was recovered by reslurrying grit with water and filtering the
grit slurry through the degritting screen. The degritting screen operated in
a cyclic fashion: first, it was used to remove the grit from the lime slurry;
then, it was used to recover the lime entrained by the grit.

The reslurried grit was pumped to the degritting screen with the grit pump,
and the filtered-off grit was then collected in the washed grit tank (the
second of the two grit tanks). The filtrate containing the recovered lime was
drained from the screen into the lime feed tank. 7The recovery of lime from
grit resulted in diluting the degrftted lime slurry in the lime feed tanks
from 20 to 13 percent.

For supplying the lime slurry to the atomizing nozzles, the CZD system had two
agitated lime feed tanks, two lime feed pumps operating in series, and & lime
slurry loop mein Interconnecting the feed pumps to the atomizing nozzles.

The lime slurry feed tanks operated batchwise. One was used for pumping the
lime slurry to the atomizing nozzles while the other received freshly
degritted and recovered lime. Each feed tank had sufficient capacity to hold
enough lime slurry for a 6-hour operation of the plant, The batchwise
operation of these tanks permitted accurate measurement of the actual lime
usage (by measuring the concentration and volume of the lime slurry;used
during any period of plant operation). The loop main provided for feeding
the lime slurry to the atomizing nozzles enabled the plant operators to vary
the actual lime feed rate without the danger of plugging the feed piping with
sedimenting solids. The lime slurry feed loop main was connected to the

atomizing nozzles by a short header.

The lime slurry atomization system had nine air-atomizing nozzles mounted in
the flue gas duct. The atomizing alr, lime slurry, and water were distributed
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to the atomizing nozzles via separate valve manifolds connected to the

atomizing nozzles by hoses.

The atomizing air and liquid headers were equipped with rotameter-type flow
indicators. All headers had pressure gauges and manual valves for contrelling
their flows, The inlet and outlet 502 and 02 analyzer/recorder and flue

gas temperature recorders were provided to help the operators determine the

proper flows of lime and water to the atomizing nozzles.

3.3 SECTION OF TEST DUCT

Figure 3-2 is a hlan view of the test duct section. It shows the location of
the atomizing nozzle ports, the temperature probe ports, the turning vanes
upstream and downatream of the atomizers, and the downstream ESP.
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Section 4

DRYING AND S0,/R0y REMOVAL

With the Confined Zone Dispersion (CZD) process, even more than with other
lime spray dry FGD systems, drying must take place rapidly before wet droplets
can impact on the duct surfaces and build up deposits. At the same time, the
aprey droplets must remain wet long enough for the lime to react and capture
sufficient S0_,. The reaction with SO, is fast as long as the lime

2 2
particles are wet.

The short residence time in the Seward test duct accentuated the demand for
rapid drying and reaction. Therefore, the test program emphasized fine
atomization, intimate flue gas/spray dispersion, and sttainment of a confined
zone - factors which promoted both drying and 802 removal.

4.1 ROZZLE ATOMIZATION TESTS

4.1.1 ¥Wind Tunnel Tegting

Initially, several Spraying Systems Casterjet two-fluild nozzle atomizers were
tested in a wind tunnel at the University of California, Davis, where the
effects of air and water rates on the fineness of atomization were measured.
Rozzles with standard 25,150 and 25,200 tips produced coarser droplets than
did nozzles with special tips. The special tips vere specified for the Seward
CZD systen.

Wind tunnel testing of the atomizers with the aspecial tips showed that at a
constant air flow rate, the surface area of the atomized droplets 1s constant
and independent of the water rate over the conditions tested. This implies
that a reduction in liquid feed rate at a constant air flow rate would result
in finer droplets with a reduced evaporation/drying time.

Wind tunnel testing of atomizers was zlso conducted with lime slurry. In

general, the tests showed that:

o Droplet size varied inversely with air pressure
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o Droplet slze varied inversely with air flbﬁ rate

:'-.

o Droplet size varied directly with liquid rate

o Droplet size was finer for pressure hydrated dolomitic lime
(PHDL) slurries than for water at comparable operating
conditions. This phenomenon is attributed to the lower ,
surface tension of the slurry. AN

The atomizers selected for CZD testing were calibrated at U.C. Davis to
determine thelr pressure/flow characteristics.

4.,1.2 Parametric Water Injection Tests

The next step in the program involved testing the calibrated atomizers in the
flue gas duct to determine their best configuration and the minimum ratio of
atomizing air to water required to avold wetting the duct and turning vanes,
The dimensions of the plume resulting from injectlion were determined by
manually taking multipoint temperature traverses of the duct cross section at
several distances downstream of the injectlon point.

- Initially, a single atomizer, attached to a lance which contained tﬁe air and
liquid feed pipes, was installed through a nozzle port on top of the ductwork
to position it in the center of the duct cross section. The firat few tests
with this atomizer showed that the downstream turning vanes vere being wetted
¢ at very low liquid flow rates because of incomplete evaporation in the ahort
residence time. These tests established that a much higher air-to-water ratio
than expected was required. This correction was accomplished by enlarging the
air inlet orifice and discharge tip of the atomizer. This change improved the
evaporation rate and allowed a higher liquid feed rate.

Subsequent testing with additional atomizers led to the final array of nine
pingle atomizers arranged in one vertical plane of the duct cross sectlen.

These stomizers were arranged three to a lance and installed through three

nozzle ports on top of the ductwork.
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Isotherm plots of the duct cross section at three distances downstream of the
atomizers during weter injection are shown in Flgure 4-1., During the test the
totel water flow rate was 17.2 gpm. These isotherms define the shape of the
confined zone plume of atomized water in the duct. Note that at all three
duct cross sections, the duct surfaces are at or above 200°F and therefore

are bound to be dry.

The water injection tests also showed_that:

0 At least 30 scf of atomizing air are required per gallon of
water to provide fine enough droplets for complete
evapcration in the 1/2 seccnd residence time.

¢ The plume of atomized water droplets in the flue gas tends
to gravitate towards the bottom of the duct if the droplets
are net fine enough.

4.1.3 Parametric PADL Injection Tegts

PHDL injectlon tests were conducted uasing the nine-atomizer array. Compared
with the regults of the water injection tests, slurry injection resulted in

higher injection retes, lower atomlzing air-to-liquid ratios, and lower exit
gas temperatures., Duct cross section i1sotherms measured during injection of
21 gpm of 7.8 percent PEDL slurry are shown in Figure 4-2,

The downstream temperature required to dry the atomized slurries wvas
investigated by inserting pipe probes containing multiple thermocouples
through test ports located on top of the duct. Typically, the probes remained
in the duct for 30 minutes while the plume temperature along the probe length
was measured, (Note that the temperature meagured was usually lower than the
true gas temperature because undried particles contacting the thermocouple
would lower its temperature below the gas temperature by evaporative
cooling.) When the probes were removed they were inspected to determine the
extent and nature of any deposits. The following temperature/deposit
relationships were observed:

0 Very wet deposits formed below 140°F

o Damp deposits formed between 140 to 155°F
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o Dry deposits formed between 155 to 170°F

o Ko deposits formed above 170°F

From thege observations it was concluded that the buildup on the turning vanes
could be prevented by limiting the injection rate of slurry to an amount_that
vould keep the temperature in front of the turning vanes at or above 170°F.

Limiting the injection rate in this manner also limited SO, removal,

2
The parametric lime injection tests also showed that the atomizers must be
arranged to:

0 Avold impingement of one spray on another

o Provide minimum clearances of 2 feet from the celling and
2-1/2 feet from walls

4.1.4 C ect:

- The system was operated continucusly to determine the long-term effects of
lime injection on system performance. During this period, the system control
philocsophy was to keep the gas temperature above 170°F at the vertical plane
in front of the turning veanes downstream of the injection point. This
temperature vwas determined by manually taking an l8-point temperature

" traverase. The temperature at any point in the traverse was regulated by
manually adjusting the lime slurry r;te to one or more of the nine injection
atomizers,

This procedure was usually adequate for controcl during the daytime when the
boiler load was fairly constant. Hoﬁever, during ﬁerioda of sudden bojler
load changes, particularly at night, this manual contrdl technique was not
sufficiently respoﬁﬁive. This situation resulted in momentary excessive
injection rates, low profile temperatures, and consequently, some depesits on

the surrounding areas.

Calcitic lime (CL), both freshly slaked and as a slurry prepared from dry
hydrate, vas teated during the continucus run. Significant and rapid erosion
of the nozzle discharge tips was experienced with both CL types.
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4.2 DEPOSITS

Although the test system operating philosophy was to avold deposit formation,
some did occur. As mentiohed earlier, deposits formed as a result of erosion
of the atomizer tips and from the inability to closely follow plant load.
Most of the deposits were friable and easily dislodged with a light blow.
Others, apparently formed from wet droplets or incompletely atomized sprays,
were very hard and difficult to breakup or to dislodge.

Several unit outages provided the opportunity to enter and inspect the
deposits inside the system, While the extent of the deposits varied, and they
were never severe enough to interfere with the plant operation, the deposit
pattern had the following typlcal characteristics:

o Floor deposits 1n an area jJust downstream of the atomizers
‘to the downstream turning vanes

o Slight deposits on the duct walls

o Deposits on the concave (impact) sides of the downstream
turning vanes and spalled off deposits on the floor under
the vanes

[¢] Negligible deposits on the convex (nonimpact) sides of the
turning vanes and the top of the duct

¢ Some deposits on the perforated baffle at the inlet to the
electrostatic precipitater (ESP)

o Deposits on the ESP discharge wires

While deposits did form in the test system during the test program, the
factors responsible for their formation are known and countermeasuyres can be
taken to eliminate or minimize them., These measures include:

o Improved configuration of the atomizers to eliminate droplet
impaction on adjacent asprays

-] Uae of nozzles with erosion resistant tips to reduce nozzle
wear and eliminate nonuniferm epray patterns

o More sophisticated instrumentation to provide better process
control and load-following capability

o If necessary, installation of mechanical devices to dislodge
and remove deposits
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4.3 S0, ARD ROy REMOVAL

As noted previously, the need for slurry to dry before contacting the turning
vanes only 35 feet downstream of the nozzles limited the slurry injection
rate, This situation resulted in limited S0, removal below the DOE goal of

2
50 percent and, also, limited uox removal. Considering the injection rates

that vere possible, the 502 and nox removals vere impressive and also

provided high lime utilization. Lime utilization is defined as the percent of
lime fed that reacts. (See Appendix J for a discussion on the calculation of
lime utilization). The following typlcal results were obtained:

© With PHDL injection, SO; removal ranged from & to 30
percent depending on the slurry flow rate and
concentration. KOy removal ranged from 8 to 21 percent
and increased with increasing slurry concentration. Lime
utilization, based on combined 50, and NOy removal,
ranged from 23 to 90 percent.

© With freshly slaked CL, and for the conditions tested, S0,

removal ranged from 1C to 22 percent, ROy removal ranged

from 8 to 18 percent, and lime utilization, based on

combined 80; and KO, removal, ranged from 23 to

33 percent. Two particular factors may have been

respongible for these results,

~ The tests with the freshly slaked CL were conducted with
severely worn nozzle tipa; nev tips were not avallable
at the time, and the test schedule did not permit repeat
tepting with new tips. The unexpected lower performance
obtained can be explained in part by deteriorated
atomization resulting from eroded nozzle tips.

- The short residence time in the spray zone may have alsgo
reduced the performance of the CL.

o With a slurry prepared from dry hydrated CL, and for the
conditions tested, 50, removal ranged from 7 to
12 percent, ROy removal ranged from 7 to 12 percent, and
lime utilization, based on combined 50, and ROy removal,
ranged from 29 to 44 percent. Some of these results may
have been influenced by testing with worn nozzle tips.

For all three limes tested, both 502 lhd Nbx removal increased with
increasing lime concentration, vhile lime utilization decreased with
increasing lime concentration.

Table 4.1 is a pummary of so2 and !lOz remcval and lime utilization results
obtained during the testing.
RR:8304r : 4-8
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Section 5

ESP PERFORMARCE

The Confined Zone Dispersion (CZD) injection point was located in a ductwork
section between two electrostatic precipitators (ESPs). The ESP upstream of
the injection point had a particulate removal efficlency of 75 percent. The
downstream, or test ESP, was a plate and veighted wire design manufactured by
the Buell Emission Control Division of Envirotech Corporation. (Refer to
Appendix L for the test ESP characteristics.)

The performance cof the ESP was monitored by an online opacity monitor in the
stack. Although this stack alsc exhausted the gas from the other duct of Unit
15, the opacity monitor readings were felt to be a good indication of the
performance of the teat ESP. Specific measurements of the particulate removal
efficiency of the test ESP, with and without lime injection, were also taken
to determine its capability to handle the additional grain loading during lime
injection.

In addition te the discussion below, information pertaining to the ESP
performance is included in the following appendices:

Appendix L: Characteristics of Seward ESP

Appendix M: Report on Particulate Emissions by Clean Alr
Engineering, Inc.

Appendix N: Review of Seward ESP Performance Data by W. R, Lane,
Bechtel

Appendix 0: Seward #15 Precipitator Performance Evaluation by
D. L. Strein, PERELEC

5.1 STACK OPACITY

5.1.1 Parametric Lime Indection Tests

During the short-term parametric lime injection tests, the opacity decreased,
remained lower during injection, and then Iincreased when injection stopped.
Figure 5-1, the August 14, 1987, recording of the astack opacity, shows this
effect.
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Figure5-1  Recording of the Stack Opaclty -
8/14/87
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5.1.2 Continuo me o] ests

During the long-term, continuous lime injection tests, the cpacity decreased
at the start of injection and remeined low. However, after 5 to 10 hours of
operation, the opacity rose to a level exceeding the original one (baseline
level) prior to the start of injection. The opaclity was restored to the
baseline level by using off-power rapping. Off-power rapping refers to
sequentially deenergizing each of the four ESP flelds for a few minutes (while
three fields remain energized, the fourth field is rapped while it is
deenergized). During the off-power rapping period, there were excursions in
the stack opacity. Off-power rapping has to be repeated approximately every 8

hours during continuous injection.

Figure 5-2, the October 23, 1987, recording of the stack opacity, shows the
reduction in opacity level after off-power rapping at approximately 3 am,

9 am, and 6 pm.

5.2 ESP TESTS

5.2.1 Particulate Removal Efficiency Measurements

Clean Air Engineering, Inc., Palatine, IL was contracted to determine the
particulate removal efficiency of the tgat ESP. Measurements were made during
PHDL injection (10/15/87), during CL injection (10/23/87), and for fly ash :
alone, i.e., no injection (11/10/87). :Three sets of simultaneous particulate :
concentration measurements were taken at the inlet and outlet at the ESP on

each day. The slurry injection rate was gimilar during each measurement.

The results are summarized in Table 5-1. From the table, it can be seen that
the average particulate removal efficlency was slightly higher during CL
injection (98.04%) and slightly lower during PHDL injection (95.48%X) compared
with fly ash alone (96.56%). The average emissions were approximately the
game during the CL injection (0.0685 lﬁ/HBtu), but higher during PHDL
injection (0.1214 1b/MBtu) compared with the fly ash alone (0.0707 1lb/MBtu).

The inlet loading during CL injection was 80 percent higher than with no
injection. The capability of the ESP to maintain emission levels during CL
injection to that with no injection 1s very encouraging. This supperts the
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Figure 52  Recording of the Stack Opachy ~
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INLET
Gas Conditiops

Temperature, °F
Moisture, % vol,.
0,, % dry vol.

€05, % dry vol.

Volumetric Flow Rate

acfm
dscfm

Particulate Conc,

Grains/dscf

OUTLET
Gas Conditions

Temperature, °*F
Moisture, X vol,
0z, X dry vol.

COy, % dry vol,

Volumetric Flow Rate

acfm
dsefm

Barticulate Conc,

Grains/dscfm
Lb/hr
Lb/MBtu*

PARTICULATE REMOVAL

Table 5-1

PARTICULATE EMISSIONS (PE)

PE Without
Lime Slurry
Injection

PE With Lime Slurry Emissions

and with
Type § Lime

and with

Hydrated Lime

{11/10/87) (10/15/87) — (10/23/87)

*As calculated with an FD factor of 9,277
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------ Average of Three Tests
244 191
5.2 7.3
9.6 9.3
9.7 10.3
290,133 249,533
197,833 176,700
0.7845 1.1034
262 225
4.0 7.1
10.2 9.3
9.3 10.5
319,033 324,233
221,200 225,466
0.0275 0.0499
52.13 96.37
10.0707 0.1214
EFFICIENCY X 96,56 95,48

9.440

309,133
218,433

1.4056

226

. 6.9
9.2
10.3

317,300
218,733

0.0273
50.87
0.0685

28,04

9.864



possibility that lime injection, while increasing the ESP inlet loading, may
not increase emissions. The reason for this is that the reduced flue gas
temperature reduces the particulate resistivify and promotes collection, This
phenomenon ls especlally true at plants such as Seward that burn low-sulfur

coal.
The PHDL data indicated higher emissions with & higher inlet loading.

5.2.2 ESP Operations

Table 5-2 is a summary of ESP test data with and without lime injection
including the average power to each ESP field. The use of these data in
enalyzing the ESP performance i{s discussed below.

Gas Temperature Effects. The decrease of flué gas temperature with lime
slurry Injection allowed increased power input to the precipitator by the
automatic voltage contro]l pystem. The average power with no lime injection
vas about 92,000 kW. This amount was increased by 25 percent to 114,000 kW
with lime injection.

With an assumed average gas rate of 300,000 acfm, the power consumption in
terms of watts per 1000 acfm was about 306 with ne injection and 380 with
" injection. The 25 percent increase in power input would be expected to
improve collection efficiency.

Fleld Input Power Variation. The data in Table 5-2 show considerable
variation of power input from field to field. Generally, the power
consumption 1s expected to increase from field to field through the
precipitator. This is due to less particulate in the gas stream as it reaches
successive flelds. The data indicate low power input to the second and the
fourth field during slurry injection, compared with the power input to the
other two fields.

The variation of power input in this unexpected wasy is symptomatic of other
problems with the precipitator.
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Table 5-2

ELECTROSTATIC PRECIPITATOR TEST DATA
WITH AND WITHOUT LIME SLURRY INJECTION

Seward Station, Pennsylvania Electric Company, 1987

Date 07/21 07/23 08/05 10/15 10/23
Time 8:30-10:00 B8:30-10:00 8:30-10:00 8:30-3:00 9:30-3:00
Lime injection KO NO NC YES YES
Plant load, Mw 142 141 141 140 142
Emission opacity 12 b - 16 10 11
Gas temperature 299 298 290 191 194
ESP D power, kW
Field 1 28,475 26,988 22,625 32,680 33,000
Field 2 17,170 10,627 11,275 21,583 19,500
Field 3 22,312 24,255 16,425 43,833 39,100
Field 4 31,607 33,300 30,837 22,770 15,000
Total 99,564 95,170 81,162 120,866 106,600
ESP Inlet Rote 1 Note 1
acfm 249,600 309,100
Grains/dscf 1.1034 1.406
ESP Outlet
acfm 324,200 317,300
Grains/dscf ‘ 0.0499 0.0273
Percent Collection | 95.48 98.06
Note 1 Note 1
Notes:

1. Test data are average of three teste on each day.
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These problems include poorly performing automatic voltage controllers,
inadequate rapping, and, pessibly, collection plate rappers to discharge
electrode alignment problems. It is suggested that with modifications, this
"precipitator could perform better. Installation of modern automatic voltage
controllers and better rapping systems at other plants have reduced emjissions
" by over 50 percent in many cases,

ESP Collection Efficiency Veriation. The average collection efficiency during
lime injection of 95.4B percent on October 15th is considerably different from
the 98.06 percent obtained on October 23rd. There is no obvious explanation

" for this variation. However, it is expected that nonuniform rapper and
voltage controller cperation may have played a part.

It 15 also of interest that, of the 2 days with slurry injection, the day with

- the lowest power input had the highest collection efficiency. In fact, the

power input on the high c¢ollection day was_lower in three of the four filelds.
“ This 1s not compatible with precipitator technology.

Bl Rappine System Comments. This precipitator utilizes vibrators to clean the
discharge electrodes and electromagnetic impact rappers to clean the

" eollection plates. Vibrators have performed well at many plants but have also
* been inadequate at many others. 7The condition of the collection plate rappers
~ is not known and deserves some attention. Rappers deteriorate with time.

This includes deterioration of the coils, linings, power suppliers, and
controllers. It is possible that the rappers for the second field are not
rapping as hard as the other rappers or that the rapper shaft to support beam
"connections are loose. '

It is noteworthy that with slurry injectlon the power input increased to each
field except the fourth. The plant utilized off-power rapping to clean the
collection plates at times during the injection period. This practice did not
occur during the actual emission testing and was not vtilized for the fourth
field.
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Off-power rapping refers to shutting off the transformer power supply to a
field while it is being rapped. The lack of corona current flow reduces the
amount of electrical charge holding the ssh to the collection plate, thus
making rapping more effective in removing the ash.

The plant 1is considering the installation of a new rapping control system,
This will probably improve performance.

Waste Products. The waste products collected by the test ESP were a mixture
of fine coal ash, reaction products consisting cf sulfates and sulfites of
caleium and magnesium, and unreacted lime. The waste was a fine, dry,
free-flowing powder. No problems were encountered in discharging the material
from the ESP hoppers.

Mr. D. L. Strein of PENELEC, the ESP Specialist, analyzing the electreostatic
precipitator behavior during the lime slurry injection test, made the
following observations (see Appendix O for the complete report):

", . « Upon initial injection of the lime slurry, the stack opacity
decreased and the precipitator current density increased. This is likely
caused by flyash agglomeration and a possible decrease in ash resistivity
due to the presence of molisture and a decrease in gas temperature. As
time went on, the opacity and precipitator power would deteriorate to the
point where the opacity was near the 20% regulatory limit. Power-off
rapping was then necessary to bring the stack opacity back down to where
it was initislly before the lime slurry injection was started. The cause
of the precipitator performance deterioration is likely due to the plate
and wire build-up which accumulated over a long period of time. VWhen the
lime slurry system was shut down, the opacity would initially increase to
‘values well above 20%. After a short period of time it would then recover
. to a value under 20%. I suspect this phenomenon was caused by the
precipitator shedding its accumulated layer of the agh/lime combination.
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It is quite normal for a precipitator to experience a transient condition
upon a sudden change in flue gas composition. I suspect in this case the
shedding was due to a sudden increase in gas temperature wvhen the slurry

system was shut down.

"It is impossible to predict whether or not improvements in the lime
glurry injection aystem could be made which would eliminate a capacity
problem on A loeng term basis. However, the main concern at this point
appears to be deposition of the lime in the precipitator inlet duct, the
precipitator-inlet perforated plate, and the internal colliecting plates
and emitting wires. 7The deposition problem could very well be caused by
insufficient drying time. If thls deposition problem can be resolved, I
believe the opacity problem can be reduced. However, if further
experimentation with this system indicates the deposition problem has been
resolved and an opacity problem is still created, there are no quitk and
easy solutions. Probably the only solution that would deal with this type
of problem is a larger precipitator.”
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Section 6

ARALYSIS OF S0,/ROx REMOVAL DATA

6.1 50, REMOVAL

The test results presented in Section 4 indicated that lime glurry
concentration had an effect on 502 removal. To further investigate this
effect, the test data for PHDL presented in Table 4-1 were rearranged into
four groups according to welght percent slurry concentration. The four

concentration groups are:

o Very low (1.6 to 3.7 percent)
© Low (4.7 to 6.5 percent)
o Medium (7.0 to 7.8 percent)
-]

High (8.3 to 13 percent)
The groupings are shown in Table 6-1.

A plot of percent S0, removal versus gallons per minute of alurty injected

2
was made identifying each group with a unique symbol. A line was then drawn

from the origin through the data points for each group.
The plot is shown in Figure 6-1.

Figure 6-1 shows that the Seward test data exhibit a positive linear
relationship of 302 removal versus slurry injection rate. The data also
show that, at a given injection rate, 302 Temoval increases with slurry

concentration,

6.2 LIME UTILIZATION

The utilization data in Table 4-]1 were plotted to determine hovw lime
utilization is related to lime type and lime concentration for SO2 and NOx
removal, Lime utilization is defined as the percent of lime fed that reacts

(see Appendix J).
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Table 6-1

' SEWARD DOLOMITIC LIME DATA
GROUPED BY SLURRY CONCENTRATION

80, Slurry Slurry
: Run Removal . Feed Rate Concentration
Date Rote (4.9 (epm) (Wt %)
~Slurry concentration range: 1.65X to 3.74%
8/12 6.32 22.5 1.65
B/13 12.4 30.0 3,13
8/6 7.7 19.0 3.74
Slurry concentration range: 4.7% to 6.5%
9/17 12.0 17.5 4.7
8/20 17.2 ' " 30.0 4.9
- 9/18 12.0 18.5 5.0
- 9/21 13.0 17.5% 5.8
.-, 9723 16.8 22.2 5.9
- 9/15% Test 11 12.4 18.4 6.0
. 8/14 20.1 27.5 6.1
"110/15 0000-0300 8.9 14.1 6.5
bl ) Slurry concentration range: 7.0% -~ 7.8%
.-~ 10/15 0600-0700 12.1 13.8 - 7.1
. . 10/18 1400--1500 16.8 . 19.7 7.3
- 10/12 2nd shift 15.4 18.6 7.4
"~ 10/13 2nd shift 15.3 17.3 7.5
T 9/24 18.5 20.0 7.7
™ 9f18 Test I 15.2 - 17.6 7.8
-+ 10/13 1700 18.7 21:1 7.8
10/13 3rd shift 14.5 16.6 7.8
Slurry concentration range: 8.3X - 13.0%
8/17 23.4 35.0 8.3
"8/18 29.4 33.0 12.4
- 8/19 ‘ 22.2 27.5 13.0
RR:8301r - 6-2
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Figure 6-2 is a composite plot showing the effect of caleitic lime utilization

versus lime slurry concentration:for 502 rTemoval, HOx removal, and

‘combined SOZINOx removal. Figure 6-3 is & similar plot for PHDL. The

". lines in Figures 6-2 and 6-3 are empirically fitted to the data.

From these plots, the Seward test data show the following relationships:

¢ Both CL and PHDL utilization decrease with increasing lime
concentration for both 50, and NO, removal.

o PHDL utilization 1s higher compared with CL for either NOy
cr S0, removal at a given lime concentration.

6.3 PROJECTIONS FOR 50 PERCENT S0, REMOVAL

- As noted earlier, the short residence time aveilable in the test duct at
- Seward 1limited the lime injection rate to a point where a maximum of only

3¢ percént SO2 removal could be obtained. A full-scale commercial system

- with a longer straight run of duct would not be limited in this way.

. injected and result in higher so, removal.

Furthermore, the ductwork configuration at Seward is suitable for installation

" of a second set .of atomizers upstream.of the set used, vhich would S

-~ approximately double the residence tiﬁe. This would allow more gslurry to be

L} -

- The relationship shown in Figure 6-1 can be used to project the slurry

injection rate and concentration required for 50 percent 802 removal. The

-. relationship for medium lime concentration (7.0 to 7.8 percent) has been

"!'Jt .

‘~\.

‘vtilization thereby obtaining 50 percent S0

reproduced and extrapolated in Figure 6-4, By this extrapolation, the
injection of about 55 gpm of 7.5 percent PHDL would remove 50 percent of the

- 80, at Seward.

2

. This extrapolation is probahly conservative. The testing at Seward had a

relatively smsll confined zone which allowed & large fraction of the gas to
bypass the CZD treatment. Using two-stage injection and increasing residence
time would permit more injection points, better gas/spray dispersion, a larger
and more uniform confined zone, and a closer approach to saturation
temperature for the treated gas. These factors ghould provide better lime
removal at an injection rate

2
lower than 55 gpm.
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Two-stage lime injection is expected to provide much higher nox removals

compared with that obtained in the single-stage injection tests during the
Seward test program. '

At any given 802 removal, the Injection rate could also be lowered by
increasing lime feed solids. However, utilization would be reduced. For

economic reasons, it ig better to operate at conditiona that produce the

highest utilizatlion which implies operating at the lowest feed solids possible.
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ABBREVIATIONS, ACRONYMS, AND DEFIRITIONS

acfm actual cubic feet per minute

ADT acid dew point

AST approach to saturation temperature

AVC automatic voltage control

bhp brake horsepower

CEM continuous emissions monitor, term used to designate 50,-0;
monitor

CL calelitic lime

conc concentration

CPC Consumers Power Company

GZD confined zone dispersion

DOE U.S. Department of Energy

d/s downstream

EMv effective migration velocity

ESP electrostatic precipitator

Eff efficiency

FGD flue gas desulfurization

gbm gallons per minute

HHV higher heating value

ID induced draft

Injection spraying lime glurry or water into flue gas flowing in a duct

kscfm thousand standard cubic feet per minute

L lime

LFR lime feed ratio, moles of lime (both Ca and Mg) fed per mole of
S0, entering

Mwe megawatts, electric equivalent

ROy nitrogen oxides

RWIR normalized water injection rate

0> OXygen

0H hydroxide concentration

O&M operating and maintenance

PEDA Pennsylvania Energy Development Authority

PERELEC Pennsylvania Electric Company

PETIC Pittsburgh Energy Technology Center

PHDL pressure hydrated dolomitic lime (also called Type S lime)

PRDA Program Research and Development Announcement

P&ID piping and instrumentation diagram

P&ID process and instrumentation diagram

SCA specific collection areas

scf gstandard cubic feet

scfm standard cubie feet per minute

50, sulfur dioxide

S0, sulfur trioxide

S8Co Spraying Systems Company

T/R transformer/rectifier

u/s upstreanm

Vi voltage current

w water

WG water column, the head difference in a water manometer

All temperatures are in degrees F, unless specified otherwise.
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Section 1

COMBIRED DATA ANALYSES

As discussed in Parts 2 and 3, the data sets obtained from the Campbell site
and the Seward site were separately correlated uvaing several approaches,
These approaches provided good correlations for the data from either site.
HBowaver, the widely dlfferent test conditions at Campbell and Seward made it
difficult to analyze the data on & common basis. Compared with Campbell,
Seward had these principal differences:

o Extremely short residence time

o Much larger duct cross secticn

o Bigher gas veloclty and gas flow rate

¢ Finer and more uniform atomization

© Higher total injection rates

¢ Lower inlet S0, concentration

o Lower 50; removals

o High approach to saturation temperatures
o Capabllity to establish a confined 2one

¢ Minimal duct deposits

An attempt was made to use the rational and empirical correlation approaches
described in Part 2 to correlate the combined SO2 removal data set from both
sites, but no useful correlations were obtained. A new approach was
developed, suggested by the correlation for the Seward data of 502 removal
versus lime slurry injection rate shown in Part 3, Figure 6-1. This approach,
described below, succesafully correlated the combined data set and appears to

provide reascnable extrapolations for the full-scale projections.

1.1 CORRELATION APPROACH

Figure 6-1 of Part 3 shows that the percentage of soz removal increases with

an increase in either slurry injection rate or lime concentration. This ia
RR:8300r 1-1
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expected because either action increases the amount of lime avallable in the

system to react with 502.

Furthermore, the increase in percentage So2 removal 15 shown to be

proportional to the increase in slurry feed rate, At Seward, the flow rate,

temperature, and SO, concentration of the untreated gas were guite stable,

2
and the short residence time limited the injection rate. As a result, the

temperature and S0, concentration of the treated gas were held to relatively

2
narrov ranges, and the SO2 removals were held to a small range of low to

moderate values. Under these conditions of relatively constant flue gas

properties and low S0, removals, a preportional relationship between

2

percentage SO, removal and injection rate is reasonable. For a broader

2
range of operating conditions, a direct relationship would alse be expected,

but it would not be expected to be proportional.

Percentage S50, removal does not increase proportionally with lime

2
concentration, Although there is scatter in the data, Flgure 6-1 of Part 3

ghows that, at & given injection rate, an increase in lime concentration

yields a lesser increase in SO2 removal. This effect is also supported by

the decrease In lime utilization with increasing lime concentration for both
_ the Campbell and Seward data as shown, reapectively, in Figures 6-14 and 6-15
. of Part 2, and Flgures 6-2 and 6-3 of Part 3.

It was also ¥nown from the analysis of the Campbell data, and from reports on
spray dry flue gas desulfurization (FGD), that there is a atrong inverse
rela;ionship between percentage 302 removal and AST,

. Furthermore, logical analysis indicates that percentage SO, removal ig

2

inversely related to so2 concentration, This can be shown by examining a

hypothetical situation where a CZD process is operating at constant conditions

and there is a sudden incresse in the inlet 302 concentration wvhile

everything else remains constant. The percentage 502 removal can be

expected to drop somewhat. If the absolute SO, removal was unaffected by

2

so2 concentration then, the percentage 502 removal would be reduced in

.. proportion to the change in 502 concentration. However, because a higher

802 concentration provides a higher driving force for SO2 digsolution and

RE:8300r 1-2
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&

reaction, the percentage 802 removal may be reduced less than in proportion

to the 502 concentration change.

To directly compare the data from the full-scale test site and the pilot-scale
test site, it was necessary to normalize the slurry injection rates. Further-
more, because the slurry concentrations at the two test sites were typically
different, it was felt that a normalization based on water injection would be
more representative than slurry injection, Therefore, the Iinjection rate was -
normalized by dividing the water portion of the slurry feed rate in gallons
per minute (gpm) by the gas flow rate in thousand cubic feet per minute
(kscfm). The quantity was called the normalized water injection rate (RWIR).

This analysis suggested a correlation equation of the following form:
a b ¢ d
Fraection 502 removal = K (NWIR)™ (Wt %) (Avg 802) (AST)

vhere:

~
]

-a-coefficlent to account for the effect of
unmeasured variables, system differences, and
lime type

RWIR = pnormalized water injection rate, gal/kscf
We % = feed solids, wt X%
Avg S0, = average SO

2 2
- AST = approach to saturation temperature, °*F

concentration, ppmv, wet basig

The analysis also suggested that exponents a snd b would be positive while
exponents ¢ and d would be negative. Average SO2 concentration (the

arithmetic average of the inlet and outlet 302 concentrations in ppuv on a
wet basis) was used instead of inlet 502 concentration because it provided

the better correlation.

The 802 removal data were grouped into three data sets: Sewvard pressure

hydrated dolomitic lime (PHDL), Campbell PEDL injected through two nozzles,

and Campbell calcitic lime (CL), shown respectively in Tadbles 1-1, 1-2, and
1-3, The data for Campbell PHDL injected through one nozzle were not used

RR:8300r1 1-3
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Table 1-1

SEWARD AVERAGED RUN DATA
DOLOMITIC LIME WITH NO WATER INJECTION

LINE UTIL TOTAL - OUTLET MEASURED
FOR LINE LIME INLET TEMWP, F 6AS 502 CONC  FLUE 648 VATER
RUM 502 S02 RNYL FEED RATE  CONC TEMP  =(TIN-15 INLET OUTLET  FLOW RATE INJ RATE -~
DATE  NOTE  RWVL I LFR o wtl deg F -2%FEED) ppav we! ppav wet 1000 SCFK Sper ope
08/056 7.71 39.40 0.195 19.00 3N 286 233 0?2 680 218.5 1.018 18.4
08/12 6.31 56.30 0.112 2.5 1.65 279 219 727 619 207.8 1.p08 2.3
08/13 12.51 .70 0.272 36.06 313 288 . FIM] 5 602 201.1 1.01% 2.5
08/14 2.1 43.20 0.46¢ 27.50 6.06 279 209 783 571 213.1 1.03! 26.6
08/17 23.41 2250 0.851 35.00 8.28 298 213 o 519 218.5 1.044 315
08/1i8 2947 2200 1.33% 33.00 12.40 295 Zi 730 47 2099 1.069 J30.9
08/19 2.2t 1900 1.168 22.50  13.00 29 729 734 527 213.5 1.073 25.7
08/20 17.21  40.50 . 0.425 30.00 4.90 293 218 M6 566 217.6 1.025 .2

0%/15 TESTI 15.28 40.90 0.372 17.60 .75 28! 41 783 630 220.0 l.04} 16.9

09/15 TESTII 12.4% 42.10 0.295 18.35 6.00 290 238 768 642 226.0 1.031 17.8
09/17 12.0  50.00 0.240 17.90 4.7 294 244 735 597 215.0 1.024 17.1
09/18 12.63 57.00 0.211 18.50 5.00 20 228 749 814 211.6 1.02% 18.0
0%/21 13.03 41.10 0.316 17.50 5.80 288 238 760 605 2014.0 1.030 17.0
09/23 16.88 39.80 0.42] 2.2 5.987 286 227 755 5% 212.1 1.030 21.5
/24 18.5¢ 35.60 0.520 20.00 7.70 288 233 7% . 0 212.7  1.040 19.2
1012 2nd SHFT 15.13 38.60 0.392 18.60 7.40 288 236 783 625 210.0 1.039 17.9
10/13 1700 18.78 42.60 0.4 21.10 7.80 29 by, 81l 634 214.0  1.04] 2.3
10/13 3rd SHFT 14.51 4060 0.357 16.60 7.80 292 244 gl¢ 648 210.0 1.04! 15.9
10/13 2nd SHFT 15.37 43.30 0.333 17.28 7.%0 294 244 785 636 220.¢ 1.03% 16.6
10715 8000-030C 8.9 35.40 0,251 14,10 6.50 281 238 835 695  W5.4 1.0M 13.6
10/15 0600-0700 2.1 47.50 6.255 13.85 7.10 283 240 043 681 216.5 1.0%7 13.3
10/15 1400-1500 16.81 44,70 0.376 19.70 7.30 292 238 70 683 210.1 1.038 19.0
MINIMN : 6.3 19,00 0,112 13.85 1.6% m 209 727 470 205.4 1.008 13.3
HAXIMM = 29.41 57,00 1.33 35.00 13.00 Fa's 2u 870 695 226.0 1.07% 115
AVERAGE - 15.31 40.58 0.4%7 21.70 6.70 289 230 b 610 213.9  1.035 2.9
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Table 1-2
CAMPBELL AVERAGED RUN DATA

DOLOMITIC LIME WITH NO WATER INJECTION 25-Nar-88
T0ia WEASURED CMLCRATED
" LI LIME DALY OUILET a5 507 COMC  GAS SUMT WTER  FLIE GAS  WNIR G5 $02 CORCENTAATION
T T T FEED RATE o (ENe  TEWP  DMLED OUNGET  FLON COMC 1N MATE FLON EATE gee/  IMLET OUNET  AVEMAGE

DATE  TIME MW uriL RN (] beajgal deg?  deg T pouv dry pov dry 1 Sekr ekl w1 1000 SCFN 1000 SCFM peuv uet poav wel ppgv wet

0205 L5 ISAT 2.7 LAXS 221 00430 2% (6% IMD WS % 10w 18y 208 2 0MI 8 M un
0205 143 6D 20T 2M) M DM M % IR M M LM 13y W M M a2 M W
G205 le: ARSI 27 2% LB DB MM 35 I em @ L0 1S9 173 69 e I W %
006 1200 4351 2541 LM 25 0.0AS0 02 I3 1673 M} M 1M 159 2% MM 03 1SR My e
0206 15:30 A0 PSEL 2.meb 2.5 O 3% 1 680 M b 1w 1N9 2B AW DS ISP M LMD
0210 13:04 23T 16T L&l A43 00450 M0 M IS W5 M 1B B 1N 2B D% W W ha
g0 13N 4301 B LM 240 o4 Wl W1 J % pem 159 2. 7t oml UM W3 o
02/10 xR g 25.21 1.} .00 0,477 o (] [Ty [} ] o oM 1%.7 1.97 5.y 0.8 1407 [+ 1017
o 13 ST LT Gell 406 004 WO 1% I3 2 s oLem 1Sy 33 1500 0N KB W I
0©/i2 Mg n aar om L% N re.] W 197 L2 "z W t.oy 35 wn nw 0.1 13 i 1] 1t
0218 MY 9ST 3641 6812 208 002 M 1W 1% Y S LML 20 20 M AN MR B LS
09 M0 2.2 N1 LS B4E AMI 30 W0 Y T8 S LOW 1S3 27 LM 0. 107 4n e
D20 15:35 @957 291 e 110 03I T b 160 86 2% oM 1S3 16v L7 0.0 WIS 6 M
P25 1540 4650 T LIS 2% LN M @ 17 M M OLWE B3 1T RM 0.3 s 35 1o
@2 12:30 4551 2.0 LWy 23 00433 2 60 MM % S LoM 150 43 rM M0 tM0 4 W
OMET 110 4611 1783 2586 236 0059 27 160 M0 4 S LIX M) LM M oM am W %
pyrer 1245 AN ({9 N 1 e 5050 e 160 1403 F 1 ¥ 1.8 N b 1] 1M 0.3 19 [ ”
0707 1345 BT 13 LISL 23 0.0 M M0 I @ M L% R W I wm ms W a
0310 1645 W.IT 8.0 2P 155 0.0 M 1§27 103 M SO LIS M1 2@ M om0 W W
ON2L DN GLET  17.43 35 LI DM 3 1 a0 M EIR M) M A 0l 1 4p W)
oy U500 SO.61 el 326 LG 0.eld 35S 160 M2 WS M LR ™7 2N M LMS I3 dn ™
O30 b Y B 03 LB DR N5 MDD 1 R M 1R NI M M AW HWR MB b
0/ M0 7T ISHT 1025 2% oo M 0 & & M LIz 13 8 AN M B W %
odfel  1h20 3502 U371 2.0 o OB 2 Geb I % w Lz vy e ISl em o 151 s W
G410 MS SR WS LWL L G062 160 M8 M 77 LeM W4 2% 104y 0% [0 T4 0w
WAe 1Y BO YW L6 240 DO 3P 0 1w ) S 10 B8 1M R 0N il ™ e
018 Ie:18 a2.50 2103 2010 LR oo 3l Ma 167 % 1m 1SS 1S 5 0N 1IN0 M jom
05/07 23:30 4131 I3 OLESI 1.5 004 301 10 138 403 L LOM IS4 LM 523 eM0 I a1
o5/oi  Da:80 ALY 2.7 LEEM 1.3 LB 37 160 IMS S5 3 LOM 154 1S L1 oW 1Iml W m
B0 T MM 1Al 2O L U WY 0 1 9 % LIB e 1% SN eme i sn m
U5 M0 455t 2. 2.1 1SY 008 M 1@ W 80 K LIN 1M A s s w7 s s
0S/10  00:10 46.8T 103 2.5 152 0.057%¢ M 2 1IN0 M4 X LI M6 1P WD M M S oM™
0s/10 0240 4011 111 LiI% 1.95 Q.03 i 1] 1] 143 7 ¥ LN %4 LA 5.0 .54 [} ] 4] 52
WA 9203 MU BN 27 L&Y DS WS I 130 M9 36 0 e 18 Lm em um s
o5/10 ENeS G581 07T 2218 L3 005w M Nn 0 M % LI 10 1B LB 0k 1m0 &7 W
011 0SS G0 AT 2437 14 06SM M 10 & O N LI % L0 53 o 1M M
oSz 1305 6068 2908 L3S LS 00330 X 10 1 M0 % LS W L4 82 Mmoo
Wi oW Pm R LM L2 LU a0 e MSS GRS 3% 1 1S3 Bl Sa3 en M Y W
62 W50 BE 23 LIy LIl 0M}2 A ;1% M K 1w 155 L@ A 0I%  lws N iml
0727 B0 ATOD M7 1417 L6l M3 I déd M Nl 3 10W 1S3 )8 SN e IS’ W %
0727 D955 ST 20T 2.0 2.9 0.M3 0 M0 IM] S0 M LOm 133 2N M fM ML M owm
0727 Jz00 S5 2071 2006 460 D832 A 16b A5 45w LME ST 4N M 0Im Wk M m
RINTANY : 700 2.2 08127 08 0020 W 1% IR a3 M Le NS eN 1M 0aw 17 I 0
ATTR : G0l US54l 1S4 440 0064 NI 180 e I0M W LI M7 AN 1@ 0% I w20
WERE - B OnY 2 1M OO W W OWR T 4 Lo leé 280 LM o Uk & uw
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Table 1.3
CAMPBELL AVERAGED RUN DATA

CALCITIC LIME WITH NO WATER INJECTION 25-Mar 88
1o1a MEASURED CALOLATED
[} LI UM IRET  OUTLET . GdS 507 OO [+ SRy Witk AW S e GAS ST CONCENTRATION

1] w07 LIw FEED RATE  CORMC Temr  Tew {WET  OUILET  FLo¥ Coll W ATE FLOW WATE e/ INLET  GUILET  AVEMAGE
BilE I Ut LR L] Teafpal desF dFf pevdrrmevdy I W6 il e 1000 SCFA 1000 SCFR ppev met ppov el ppuv el
ol 12:4 2N 5K 0 2.4 D.0ITZ? e 160 1420 12 5 LM [ K] 2.53 1M 0.xn 135 (4] "
o4/l 1500 .01 T .04 Joo o038 Y Q2 1350 w Molo ) n 1M 0.385 1%¢ in [}
05713 do:10 2.1 4L 1.0 1.4 0.0271 m I a1 m ¥ ote2 1) L& 3 oM 1W ]} »
0815 1240 .1 BT LIW 1.8 0.0 304 140 e o M oLM2 13 1.5 5. oM 13 1] 3
B/13 2 SLT MM L3 1.7 0.62% 3o 140 HTH e ¥ Lo 1Y Lé .23 37 im L) ”»
oS/ 13:15 2.4 am 1.283 1.5§ 0.02% m 14 1m 152 ¥ LM 1S 1.4 5. I Inl "3 [ ]
0515 Jo:4s X 441 LW 1.65 o.02% n 160 1373 5 ¥ LM 1S 1.5% L om 1% m "
0514 M0 X st LW 1.5 o0.02% » 10 [k ]} W M Lo 118 14l 3 om 12 bl i
05/17  Bras W4T 3.0 L.ha9 1.4 0.027¢ 2 178 134 ™ ¥ LM NS LM 523 0N M8 - "
o5/1f Mo 29 241 1B .10 0.3 m 180 15¢ [ M L1 1.7 .04 IR | 0.2l nwn n m
05/18  de:4S 41T Wl Lom .43 0.om ™ 18 1440 45 L E I 1Ly 5.3 .5 1™ ] L -4]
B5/10 345 MN.OI 7T OLOM 1.3 0.0M] m 160 1367 | ] M 1 L7 L. . M) [} ) fre] 1003
05/1%  10:30 Wt PN LI LS 0.0 m 1% 1] n Ml 11?7 1% 5. 4Nl i 3-] 7
05/20 fl:30 2.2 VT 1% 150 0.028 ”m 10 m M % LM Nt L £ LN 121 @l "
05/ M0 WAI 2.0 Lae L& 0.0 X 160 b ) (1} M 1063 l]9 1.5% 51 0. 11% £} [ 1]
05/ 134 4w Mn LS 1.5t 0.0 ™ [T 1) 2 M Lo Ly 1® i om i %7 n
[TH] 05:10 W4 4053 1.7 1.3 0.07% | 140 4l [*2} LR E LT ] 1.a 10 0.0 m 595 »
0521  eB:10 A8.07 3843 1B 1.0 0.0 m 160 un 87 % LS Y 1S 3 owm 1 1 "
0321 12:00 4097 4391 1LY 340 0.07% ¢ 10 114 wm NI 1Y IR 1Y 0N 13 [+ [ ]
05/% #2:35 6051 4401 1380 F o BN 3l e 1 w 5 1.e) LL.S .8 1. [ B 134 “w | ]
B/ R SN un 1™ L Lmr m L iz L9} % 1e) 1L PR bR [ 1) (k-2 [ "
B2 N wNa g 1Lw Lu mn » W un LU B (0 T N | ) na o 1% [ 0!
B3 0. R &R L2 .60 0.827 m 1" T 14 i - % LM IS L3 .8 oW 1 ] "
/23 I &I Wwn LS .M en =z 160 Ly [} S 1M 113 .67 7.4 [ ]} 1341 »n [ 3]
B/ 1M X1 A3 e 1.2 Lem » w12 ] B oLwr 20 1.4 .8 wm F. ] ne L
0/ 033 M. 2.8 LM 1.% o0 m I} 1) Tk M LN 1Y L& 3 oom  IFS "3 ”i
/% 5 RN A4 LIS 1.% oew m 1 B [ ] LM Y LA 8 w2 m ”m
B/% &N w8 2.8 . 1.4y 0.0 oy 160 154 " N LN 11 e .8 LM M ns [}
B/% 020 NSt 4N L7 0w 0.0 m 1) w5 m i Uy [ NI R 150 ” 1158
6/% it &8 U7 M [ BN - n e 19 m xNiss 1ny 1.2 . o 1w 4 ] [ 1]
05/2 11:05 .07 M.4T 1087 165 0.0 m 1s8 1360 TS0 . LW 19 4 nn 0.8 1adé 3 wn
B/% 12:4 N7 w.X I & ot . -] e 1w @& |l |y L un L. U [313 104
0B/% 2435 AT .12 LG 1.1 emm 1] 164 1542 i ¥ 1M 1 e 3.8 +1m 1660 [ 1
6/27 05 e R0 18 L@ omkn n 19 HiH -] L RN TR Lo $23 tIn 154 4 L
0/ 13 . o 1L1Y i e » 19 158? 2 Nl Hy Ll BRI 1N L L.
B Oy A% 3.4 Le 1.61 o.0m1 mn e 1321 n 3 et gl L3I 50 L0 3 m 1000
B/ NS N xp e 1.3 s.em » m 156 NE X% 1ed 1,7 LM 5.8 0 un m 13
WA 100 24 NN LMW .n Lol m n 1685 [ ntea L7 1.9 I L 15 m n»
W% (10 AT .13 187 in ow s I 15 Nne Wl 1y 1N nn &m un b L
B/Aa 1258 W 201 1M - L) » 15 151 WL )1 & N 1.4 s an "t
B/ 1205 4N N4l 1IN 4D el » 160 1] 3 ® is N3 L nr #32 1m " L
wn AN B 424 1M 1.7y om»m n [ 11 m N ol 1l 1.8 527 L 152 [ ] 1073
B oy &4 4.1 1.1% 1.5 om»m -1} 18 1572 T ¥ 1L il 1.5 £ ] [ &, 1} I (] 1y
0/ 1945 WM ;o 213 185 0. m 10 1505 [ LI N S TN ] 1.4 .3 oM {IH o "
W/ 24 “m B 1B 1.7 DM » [ 1590 " 3 LM N6 1.4 .0 W W [} L
W03 045 W03 2.4 LSS L& 0.MN » [0 19 .3 M LU e L4 .1 .M {4 1 3%
/0 De:)S MX M7 1Y 1.50 0.4 al 168 150 440 N OLON | 1) 3.2) [ LI 141 1011
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Table 1-3 (Comt'd)

5-Rar-89
ToraL MEASUNED CALORATED
L] LI LIE mEr QUL 645 507 CONC G4 SLUMY  WATEN AL QS wk GAS 507 COMCEWTRATION

L] 1) $02? Lint FEED MATE  Cowe TERr  TENP INEF  OulLET  FlOw oG InJ MATE FLOW NETE  wei/ IMET  OUFLET  AYERAGE
pate T omt mi LFR [ ] begioal degf decf peevdrypesvdry 3 Sekr ot ooe 1000 SCFR 1000 SIFA peey wet phov wel ppav wet
06703 10:30 04T 311 LM% .77 005 e, ] 140 1500 a7  LoWw 54 2.5% M 0.335 i W2 86
p&f0I 1.5 ¢4 BT 3591 1AL i om Fed) 160 15n 500 1M 13 1.5% 1M 032 1474 3 960
ps/05  23:30 49T 4951 LU 710,030 x [[4] 13] 310 ¥ 1.0 132 1#l 5.23 [ 1558 #hl H Iy
Dé/06 0730 4201 5251 |.184 1.6) 0.032% m [ ] [[3.] 1] ¥ Lo 132 1.5%2 5. 1.91 1527 L] 1008
6710 200 el ROt 1.M) 1.60  C.0A18 m 1w 1823 0 ¥ LM a2 1.65 3.8 0.1 152 4 L]
DéfLL De;00 &6 TT 4211 138 1.8} 0.008 ™ 10 1546 [1]] M L.0% 4.7 1.3 .73 0.9 W7 (3] "
/11 O30 £2.51 NI 1% 1.60 o0.0018 " [ 1553 L0 KoL )e? L7 . [ & || 1460 L) L
06f12  OL4S S4.51 4971 LLILé 1.66 0.027¢ Fell 180 157 &2 N 108 s 1.5 L 2 ) o I 4 jlirgd
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06/12  21;50 SA.0I  S5.00 ).0%% L0 0.me e 160 1542 R N L0 1.6 Ll .3 1w L ] "
06/13  01:50 S8.0T S2E .0 1.0 0.0044 ! |17 21| 81 % l.eb 131 1.40 1. 0L 1m w2 "2
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06713  0v:00 5628 5.7 LW 25 0.07 Jo0 160 1403 (L) moLW Ny 4.0t 2.7 [ 1) [ 1) n »
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because they had shown poorer performance as discussed in Part 2. Each data
' set was regressed separately using a personal computer-based regression
program to obtain the values of the exponents and the coefficient, K, that
provided the best fit. Fit was measured by the square of the correlation
coefficient, Ez, provided by the regression program. An Rz value of 1 is

a perfect fit; 0 is completely random.

Using the initlal regressions as a guide, additional regressions for each data
set were made using fixgd values for the exponents. The objective was to find
single values for each expohent that, vhen used to correlate each set, did mot
slgnificantly affect the data fit. The final result was the correlation of
each data set to the equation where the measured variables had the same
exponents and the only difference was the value of the coefficient, K. The
value of K, obtained this way, was a measure of the difference in performance

between the test systems.

The fully regressed correlation (where the exponents were determined by the
regression program) for the separate data sets gave the values shown in
Table 1-4 for the exponents, k, and Rz.

Table 1-4

FULL REGRESSION VALUES

Data Set a_ b ¢ d _K RZ
Seward PHDL 0.707 0.620  ~D.208  +0.144 0.49 0.906
Campbell PEDL 0.806 0.278  -0.580 -0.675 346 0.830
Campbell CL 1.196 0.639  =0.210 -0.306 $.7 0.713

These results show a good fit for the Seward PHDL data, and somewhat poorer
fits for the Campbell data. The values for the exponents and the coefficient
are so widely different for the different data sets that a comparison of these
. values is not useful. -

A comparison of caleculated versus actual 802 removal for the Seward and

Campbell PHDL fully regressed correlations is shown in Figure 1-1.

RR:8300r 1-8
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By examining the eensitivity of the .fit to exponent values, fixed values of
A final
regression using the fixed values for the exponents (Table 1-5) produced the
following results: -

the exponents that had the least effect on the fit were selected.

Table 1-5

FIXED EXPORENT REGRESSION VALUES

Data Set _a b c d K R2
Seward PHDL 0.65 0.45 -0.4 -0.4 27.3 0.877
Campbell PHDL 0.65 0.45 -0.4 -0.4 19.1 0.774
Campbell CL 0.65 0.45 -0.4 -0.4 24.4 0.654

Here, the exponent values are the same for each data set and the fit of each
set, as measured by Rz, is only slightly worse than it was for the fully
regressed results above,

A comparison of calculated versus actual removal for this Seward and Campbell

PHDL correlations with the same exponent values is shown in Figure 1-2. Rote

that this plot is very similar to the one in Figure 1-1.
Table 1-6 shows the range of the variables used in the correlation.

Table 1-6

RARGE OF VARIABLES

Varjables sSeward Cappbell
RWIR, gal/ksef 0.06 - 0.15 0.2 - 0.36
Wex 1.6 =16 7.5 - 21
Avg S0, ppmv, wet 600 ~ 780 800 - 1200
AST, °F 95 - 130 25 - 55
S0, removal, X 6 - 29 17 - 70
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1.2 502 REMOVAL PREDICTIONS

The correlation provides reasonably accurate predictions of 50, removal when

. 2
the variables are within these ranges. The accuracy of extrapolations outside
these ranges is unknown and should be done with cautien. For the generic

500 MWe case, vhere only the SO, concentration is significantly outside this

2
range, the correlation should be suitable for preliminary design values.

The ¢ifference in performance for the Seward and Campbell test systems can be
measured by examining the values of K obtalned for the PHDL data sets. The
value of K for the Seward PHDL data set is approximately 43 percent higher
than that for the Campbell PHDL data set. This means that system differences
provided a 43 percent higher performance at Seward compared with Campbell.

. This implies that operaticn of a large-scale system similar to Seward at the

- game test conditions used at Campbell would produce so2 removal results

- approximately 43 percent better than those obtalned during the actual Campbell

tests.

Comparing the wvalue of K for the Campbell PHDL and CL date eets ahows that the

so2 removal performance for calcitic lime was about 28 percent higher than

that for PHDL, at the conditions tested. No useful large-scale system data

! was collected for CL, and we therefore have no evidence that the improved

performance of CL over PHDL will alsoc be observed in large-acale
installations., Further testing is needed to confirm if calcitic lime will

produce significantly better SO, removal in a full-scale system,

2
For the full-scale projections, the correlaticn should be used with the value
of K obtalped for the Seward PHDL data. 7Thia takes into account the better
soz removal performance of the full-scale system produced by the abili:y to
establish a true confined zone. The lime type should be PHDL because this is
the only type for which data are available from both test sites.
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Section 2

FULL~SCALE PROJECTIONS

Conceptual designs for two full-scale retrofit installaticns, a generic
500 MWe unit end J. H, Campbell Unit 1 of the Consumers Power Company are
presented in this section., The 500 MWe unit is referenced in PRDA
RA-22-85PC81001 (Reference 2-1).

2.1 USE OF TEST RESULTIS IN PROJECTIONS

The initial proof-of-concept testing of the Coenfined Zone Dispersicn (CZD)
process was conducted at Campbell Station on a pilot-scale level, The results
of the Campbell testing were to be used in making the two full-scale
projections. stated above. Department of Energy (DOE) support was provided for
further testing at Seward Station on a full-scale level to obtain
gupplemental, and, 1t was hoped, more realistic data for the projections.

The extent and nature of the test data obtalned at both sites were limited by
physical constraints of the test systems. At Campbell, the small size of the
test duct promoted deposition and limited gas flow and slurry injection
rates. At Seward, the short residence time limited injection rates and SO2
removal. (For additional detalls, see appropriate report sections in Parts 2
and 3, respectively, for Campbell and Seward Stations).

Despite the limitations, lnformation obtained at the test sites is useful in
providing preliminary design information for the full-scale projections. This
design information concerns 502 removal, gas outlet temperature, lime type,
lime concentration, Nox removal, deposition, and ESP performance/upgrading.
The full-scale projections should be reviewed and modified as additional CZD

test data become avajlable.

The correlation developed in Part 4, Section 1, for the combined Campbell and

Seward SO2 removal data will be used to predict lime concentrations for the
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s

full-scale projections. The value of K (27.3) obtained for the Seward
pressure hydrated dolomitic lime (PHDL) data will be used. This value takes
into account the better 50, removal performance of the full-scale system

2
produced by the ability to establish a true confined zone. The lime type to

- be used is PHDL because this is the only type for which data are available

from both test sites. Sensivity analyses for calcitic lime (CL), using the
same K factor, and for the use of another K factor will also be conducted for

comparison.

The level of 502 removal for the full-scale projections s specified at
50 percent. The levels of the independent variables in the correlation

equation will be determined as follows:

© AST - The outlet temperature chosen for the projections 1s
170°F, the temperature required to keep the turning vanes
deposit-free at Seward. At an assumed saturation
temperature of 125°F, this provides an AST of 45°F, For an
ldeal confined zone at 125°F, this would allow an envelope
of inlet flue gas at 280°F of approximately 29 percent of
the inlet ges flow.

o NWIR - The value of this variable will be calculated from a
heat balance based on the flue gas characteristics. For a
~ given flue gas, once the outlet temperature is specified,
NWIR varies directly with the gas inlet temperature.

© Avg 50, - The average concentration of S0, in the gas
will be calculated from a material balance.

© WtX - The correlation equation will be solved for WtX using
the values of the other variables as specified above,

. 2.1,1 Oy Removal

At the Campbell test site, NOx removal tests were inconclusive., At the
Seward test site, NOx removal reached 17 percent and this could improve with
additional testing. The specified NOx reduction for the full-gcale
projections is 50 percent. The DOE guidelines require that a penalty be
asgsessed for processes which do not inherently reduce NOx emissions by a
minimum of 50 percent. Because 50 percent Nox removal was not demonstrated,
this penalty will be assessed and no credit wiil be taken for C2D nox

removal,
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2.1.2 Deposits

During the full-scale tests, 1t appeared that deposits could be prevented if
the atomized droplets dried before they impinged on the interior duct
surfaces. Fine-spray nozzles with erosion resistant tips and suitable
instrumentation for the required process control will be included in the
projections to provide for adequate droplet drying. No special mechanical
devices to dislodge or remove deposits will be included. If additional CZD
testing shows a need for mechanical devices, the projections ghould be

modified accordingly.

2.1.3 ESP Performance/Upgrading

. The capablility of an existing electrostatic precipitator (ESP) to handle the
additicnal loading resulting from lime injection was not conclusively

" determined during the CZD testing. Some tests indicated ESP emissions were no
greater during lime injection than without; cthers indicated emissions
increased during lime injection. The reasons for the increased emissions
could not be conclusively identified, so it is not possible to specify .

corrective measures.

No ESP modificatlons to upgrade performance have been included in the
full-acale projections. However, new ESP conveyors and waste solids storage
silos have been included to handle the increased quantities of waste solids.

2.1.4 g d W

The testing at both sites showed that high atomizing air pressure provided
fine atomization which increased the evaporation rate and improved drying.
This, in turn, ellows a higher slurry feed rate and a cloaer approach to
saturation which should increase 802 removal. A practicel limit of 90 paig
was established at both sites and will be used for the projections., A minimum
of 30 scf atomizing air per gallon of slurry wvas required in the Seward
testing to maintain good temperature profiles and dry downstream turning
vﬁnes. A design value of 30 scf/gallon of feed will be used for the

projections.
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2,2 CASE 1: GENERIC 500 MWe REFERENCE PLANT

The reference power plant specified for this retrofit study is a pulverized
coal-fired plant consisting of two 500 MWe boller units (i1.e., Unit 1 and
Unit 2). The plant is assumed to be located near Milwaukee, Wisconsin. For
the purpose of this evaluation, only Unlt 1 is to be retrofitted for a

50 percent reduction of 502 using the CZD process,

2.2.1 ow a Des ormatio

Tables 2-1 and 2-2 list additional power plant design information provided by
the DOE guldelines (Reference 2-1),

Table 2-1

CASE 1
KEY BOILER DESIGN DATA AND FLUE GAS CHARACTERISTICS

Characteristics Specifications
Plant rating, MW net 500
Estimated remaining life, yr 30

Ket plant heat rate, Btu/kwh _ 10,000
Capacity factor, X 65

Sulfur content of coal, % 4

(Detailed specification of Illinois Ko. 6
bituminous coal is given in Table 2-2)

Average heating value of coal, Btu/lb 10,100
Gas flow rate, acfm/MW 4,000
Gas temperature, °F ‘ 280
Boiler efficliency, % 88
Average coal burn rate, tph 247
80, emission, tph 18.77
ROy emission, tph 2.22
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Table 2-2

CASE 1

REPRESENTATIVE EAST-CENTRAL COAL:

Proximate Analveis

Moisture
Volatile matter
Fixed carbon
Ash

Gross heating value, Btu/lb
Grindability, hardgrove
Total sulfur, Wt%

t t WtX

Moisture

Carbon

Hydrogen

Nitrogen

Chlorine

Sulfur

Oxygen

Ash

o
Pyritic
QOrganic
Sulfate

Initial deformation
Softening (H=W)
Hemispherical (H=1/2W)
Fluid

Ash Apalvsig, WeX
Silica, 510,
Ferric oxide, Fep0jy
Alumina, A1203
Titanic oxide, TiO,
Calcium oxide, Ca0
Magnesia, MgO
Sulfur trioxide, 504
Potassium oxide, K50
Sodium oxide, Najy0
Phosphorous pentoxide, P;0g
Undetermined

Total

*Reference 2-2
RR:B306r
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v Wt
12.0
33.0
39.0

16,0

10,100
56.0
4.0

w o

=~

QO WR-JHDOoOW
LI B ]

.

MDDV OODODOODO

:

100.0

—Range (WtX)
10 to 14
31 to 35
37 to 4l
13 to 19
9,800 to 10,400

3.4 to 4.6

10 to 14

13 to 19

2,250
2,300

2,450

0.4 to 1.5



Particulate Removal and Disposal. fo meet environmental air emission
standards, the plant is equipped with ESPs, which remove flue gas particulates
to RSPS (New Source Performante Standards) limits. A pneumatic conveying
pystem transports fly ash from each ESP to ash bins. Dry fly ash is then
transported to & lined landfill located 10 miles avay,

Seismic Zone and Soil. The plant site is located in Seismic Zone 1 on good
80il having bearing capacity of 4 ksf (1,000 pounds per sguare foot) or more,

v a 8. For the purpose of this evaluation, only three
retrofit characterizations, as shown in Table 2-3, are to be considered., Each
characterization takes into account factors such as site accessibility and
congestion, underground obstructions, soll conditions, and the location of the
flue gas cleanub system on the power plant site. On the basis of these
individual factors, an overall retrofit factor for each DOE established
retrofit zone was computed as shown in Table 2-3 and Fligure 2-1.

- Duct Work spnd Stack. The layout of duct work from the plnnt‘air preheater
outlet to the chimney, including the ESP manifold and ID fans, is shown in
Figure 2-2. Ducte are sized for & gas veloclty of 3,600 fpm. A straight run
of approximately 100 feet of duct appears to be avallable for the injection of
" lime slurry. Therefore, no major modifications to the existing duct work will
be necessary. The reference plant's stack design 1s 718 feet 1n height and
consists of a concrete chimney with an acid brick liner. It i{s assumed that

no modifications to the chimney will be required.

Site Arrangement and Lavout, A plan view of the ESP manifold and duct to
chimney is shown in Figure 2-1. Figure 2-2, an elevation view, deplcts the
height restriction of work space and accessibility around in the proximity of
the boliler and stack, Figure 2-3 shows & plan view of the reference plant
site plot plan, Figures 2-1 and 2-3 also show overall retrofit factors as
they apply to the plant site.
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nd NO on Co ¢l Re ents. The base case utility boller
{(i.e., Unit 1) to be retrofitted is uncontrolled with regard to acid rain

precursors (i.e., S0, and HDx) emission. Total emissions of S0, and

NOx from the uncontrilled boller before the retrofit‘are 18.77 ind 2.22 tons
per hour, respectively. Retrofit of any contrel process to the boiler is
required to reducelso percent of the so2 and nox emissiohe as a minimum.

For those control processes which do not inherently reduce NOx emigaion to

the required 50 percent minimum, a $4.80/kW (in 1982 base year dollars) total
retrofit capital requirement and $1.14/kW-yr first-year operating cost will be
. assessed by DOE to account for NOx removal to a 50 percent control minfimum

* by combustion modification technology.

2.2.2 0 tua Proc n &

The design criteria for the CZD process to be retrofitted to Unit 1 of the
reference plant are described as follows:

1. The CZD process is designed for 50 percent SO2 removal. Although some
Rox removal was detected 1n the tests, the results were inconsistent.
Because nox of 50 percent were not demonstrated during testing, neo
credit for NOx reduction will be taken in this study and penalties

stated above for not having 50 percent nox reduction will be assessed.

" 2, As stated in Section 2.1, PHDL is chosen as the reagent becauvse of its
better performance during full-scale testing compared with CL.

3. On the basis of the test results at PENELEC, it appears possible to
confine the reaction zone in s large duct at temperatures appreaching the

saturation temperature for good S0, removal and intermix with the hot

2
gas in the outer zone to achieve high overall gas outlet temperature. For

this application, the gas outlet temperature after mixing 18 set at 170°F.

RR:8306r -~ 2=10
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Once the gas outlet temperature is established, the quantity of water that
can be evaporated in the system is determined by heat balance, The
average concentration of SO2 in the gas is calculated by a material
balance. The lime feed slurry concentration is calculated by the
correlation equaticn described in Section 2.1. The lime utilization and
LFR can also be calculated {(although they are not needed for any process

calculations, they are useful performance indices).

From Figure 2-2, & straight duct section of over 100 feet, shead of the
ESP, appears to be available for the lime injection. At a design gas
velocity of 60 fps, this will give a contact time of approximately

1.6 seconds, which ghould be sufficient for the reaction and drying to
take place.

The reaction products from this process, nonhazardous waste polids of
calcium and magnesium sulfite/sulfate and unreacted lime, will be
collected with the fly ash in the existing ESP and disposed of together,
The existing ash conveyor and silo capacity may be sufficient but would
regquire more frequent emptying. To be conservative, a larger ash conveyor
and one additional silo is provided for handling and storage of the waste
solids/fly ash mix.

Powdered PHDL will be delivered in open-bottom rallcars. Lime storage
8illos are designed for 30 days' supply.

The process design parameters, raw material and utility requirements, and

process effluents are summarized in the Table 2-4.

RR:8306r 2-11
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Table 2-4

CASE 1
PROCESS DESIGN CHARACTERISTICS

Process Design Parameters Specifications
505 removal, % 50
Spray down temperature, °F 170
Approach to saturation temperature, °F 45
Rormalizer vater injection rate, gal./kscf gas . 0.265
Average 50, concentration, ppmv, wet basis 2049
Lime feed ratioc, 1/2 [moles Ca(0H);- Hg(OH)zllmole S0; entering 1.46
Lime utilization, 34.3
Lime purity, % 95.5
Line slurry coneentraticn, W% 24.3
Atomizing air pressure, psig 90
Atomizing air flow, scfm/gpm slurry 30
aw equ
PHDL, 95.5% Ca(OH);-Mg{OH);, tph 29.6
Process water, gpm ‘ 354
Electricity, kW . ' 4000
‘Process Effluents
8§05, tph 9.4
NOy, tph 1.1
Fly ash, tph ‘ 31.6
Reaction products, tph 36.4
érit, tph, wet 1.66
Wastewater, gpm none

2.2.3 Process Description

Figure 2-4 is a process flow diagram showing the major equipment and overall
material balances.

The PHDL is dellvered by railcars and is dlscharged into a below-grade hopper
in a closed unloading station equipped with a baghouse. Blowers transfer the
lime from the unloading station to storage silos. The lime is then conveyed
pneumatically to the day bin located above the slurry makeup tank. Lime is
gravimetrically fed from the day bin te the slurry makeup tank until the
desired concentraticn is obtained. Then it is pumped to a vibrating screen
for degritting. The degritted lime slurry falls into the storage tank vwhile

RR:83067 | 2-12
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the wet grit fall into a dumpster for disposal with the reaction waste

solids. The degritted lime slurry is transferred to the feed tank from which
it is pumped through a strainer to the apray station. The lime slurry feed is
controlled by pressure and flow controllers through a recycle loop.

The degritted lime slurry is atomized with compressed air at 90 psig and is
sprayed into the center core of the duet through B0 nozzles, 5 gpm lime slurry
and 150 scfm air to each nozzle. Sulfur dicxide (502) in the flue gas

exiting the air preheater reacts with the lime (Ca(OH)z.Hg(OH)zl in the

spray droplets to form mostly calclum/magnesium sulfite (Casoa.ugso3.320).

The reaction products and the unreacted lime dry as the water evaporatea. The
temperature at the center core of the duct 15 close to the adiabatice
saturation temperature of the flue gas while the surrounding gas remains hot.
As the gas travels toward the ESP, it intermixes to reach a temperature of
approximately 170°F.

The dry reaction products, the unreacted lime, and the fly ash (80 percent of
the coal ash) are collected together in the existing ESP. From the ESP
hoppers, these waste solids are conveyed tc the existing ash silos. These
waste solids are then transported to a lined landfill located 10 miles away.

2.2.4 Malor Equioment

A general layout of the major equipment is shown in Figure 2-5. The lime
a8llos are located across the road from the ash bing. The lime slurry
preparation equipment, including the makeup tank, degritting screens, and
slurry storage tanks, 1s located next to the lime siles. The air compressors
are also located in this area to take advantage of the low retrofit factor.
The degritted lime slurry feed tank is located close to the ESPs in order to
get a short rum o{,nlurry line to the injection nozzles. A short slurry line
minimizes potential operating problems, such as lime freezing and line
plugging. A deacriptioh of the major equipment is given in Table 2-5,
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