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ABSTRACT

A six-month evaluation of the Chiyoda Thoroughbred 121 Prototype Process (CT-121)
was conducted at the Scholz Electric Generating Station of Gulf Power Company.

The 23-megawatt CT-121 prototype was modified from existing CT-101 process equip-
ment at Scholz by Chiyoda International Corporation, a subsidiary of Chiyoda
Chemical Engineering and Construction Company, Ltd. Chiyoda operated the prototype,
and the Electric Power Research Institute and Southern Company sponsored technical
evaluations of the prototype process performance and gypsum waste disposal options
in the 1978-1980 time period. This report summarizes the findings of these evalua-

tions.
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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Volume 1 of this final report summarizes results of an eight-month evaluation of a
23-MW Chiyoda Thoroughbred 121 (CT-121) SO, scrubbing system, conducted at Gulf
Power Company's Scholz plant under RP536. Volume 2 contains appendixes including
all process and operating data. Chiyoda's development of CT-121 was partly an
outgrowth of our evaluation of the Chiyoda Thoroughbred 101 process, also under
RP536. The new design eliminates the use of recycle pumps by bubbling the gas
through a limestone slurry. Our preliminary assessment indicated that CT-121 offers
utility operators a more reliable limestone-based SO, control device that produces a
gypsum product and is less expensive to operate and maintain than conventional
scrubbers. This assessment led us to undertake a thorough evaluation of the CT-121

system on the coal-fired Scholz plant from October 1978 through May 1979.

PROJECT OBJECTIVE

The objective was to provide a pilot-scale evaluation of the limestone~gypsum flue
gas desulfurization (FGD) system developed by Chiyoda Chemical Engineering and
Construction Company Ltd. The goals were to determine the system's capabilities and
limits and to test the numerous claims of the developer under a wide range of

operating conditions including those outside the design range.

PROJECT RESULTS

This pilot-scale evaluation indicates that the CT-121 scrubbing system is an
attractive alternative to other available FGD technologies based on lime and lime-
stone. The prototype scrubber at the Scholz plant operated reliably and effi-
ciently, under a variety of test conditions, while treating flue gas from a coal-

fired utility boiler.

The process has the potential of reducing levelized costs by about 10%, compared to

conventional limestone scrubbing. The major results are as follows:



50, removal efficiency with 50, inlets of 1200-3000 ppm 90-95%

System reliability 99,.5%
Limestone utilization in the absorber > 98%

Gypsum purity > 98%
Total-system pressure drop 19-21 in. H,0

(4.7-5.2 kPa)

Conventional limestone-system reliabilities range from 50 to 90%. They normally
operate with a limestone utilization of approximately 70%; if the system employs an

oxidation loop to produce gypsum, they generate up to 90% pure gypsum.

The evaluation quantified fairly wide ranges of pH and pressure drop that can result
in equivalent 50, removals. The existence of these pH and pressure-drop trade-offs
can be important in optimizing the CT-121 system operating costs. This report will
benefit those utility engineers who are responsible for specifying and recommending

802 control devices.

In view of the success of these prototype tests, EPRI is now arranging a 100-MwW

demonstration of this process.

Thomas M. Morasky, Project Manager
Coal Combustion Systems Division
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EXECUTIVE SUMMARY

The Electric Power Research Institute and Southern Company Services sponsored an
evaluation of a 20 MW prototype of the Chiyoda Thoroughbred 121 (CT-121) Flue Gas
Desulfurization (FGD) Process which was built and operated by Chiyoda Chemical
Engineering and Construction Company, Ltd. (CCEC) at Gulf Power's Scholz Station.
The salient feature of this forced oxidation limestone FGD system which produces
gypsum as a by-product is the Jet Bubbling Reactor (JBR), a single vessel in
which 502 absorption, oxidation, neutralization, and crystallization all occur,
The design and operating features of the CT-121 process which may result in

improved operability and reduced costs relative to existing lime/limestone systems

include:
) no large slurry recirculation pumps,
[ no nozzles or screens,
° high limestone utilization,
° less effect of limestone source and grind size on operation due to
the low operating pH,
° low slurry entrainment in the gas, enhancing mist eliminator performance,
) low scrubber profile which may lower capital costs, and
° the ability to operate successfully over a wide range of operating

conditions with a minimum of scale deposition,
The concept of the JBR, therefore, represents a potentially attractive alternative
to other available FGD technologies. The prototype at Scholz was tested over a
nine month period and was shown to operate reliably and efficiently under a

variety of conditions while treating flue gas from a coal-fired utility boiler.

Although the technical evaluation of the CT-121 prototype system is positive, the
results presented in this report should be considered in conjunction with in-
dependent cost evaluations when considering the CT-121 system for a specific

utility application.



Section 1

SUMMARY

In order to evaluate the capabilities of an advanced FGD system which was claimed
to have both technical and economical advantages relative to currently available
technology, the Electric Power Research Institute and Southern Company Services
sponsored a program to evaluate the Chiyoda Thoroughbred 121 (CT-121) process.

As part of this program, Chiyoda built and operated a prototype (23 MW) CT-121
process at the Scholz Power Station with the cooperation of Gulf Power Company.
This system was constructed by modifying the existing CT-101 demonstration equip-
ment at Scholz (Reference 1)}. The CT-121 process at Scholz is designated as a

prototype because it was the first large-scale application of the CT-121 process.

This section summarizes the findings of the evaluation program. First, the system
is described briefly and the test program objectives are discussed. Then, test
program results are summarized and conclusions derived from the testing are pre-

sented.

SYSTEM DESCRIPTION

Figure 1l-1 shows a schematic of the Scholz prototype CT-121 plant. This system
was designed to treat 53,000 standard cubic feet per minute (25 normal cubic
meters per second) of flue gas (23 MW of electrical production at Scholz). However,

during the test program, gas flows ranging from 25,000 to 55,000 scfm were studied.

As shown in the figure, the inlet gas was cooled and saturated by water in a
venturi before entering the jet bubbling reactor (JBR) where the bulk of the 502
removal occurred. Compressed air was injected into the JBR to completely oxidize
the sorbed 502 and to maintain a gypsum solids suspension in the slurry. From the
JBR, the gas passed through a mist eliminator prior to exiting the system through

a glass reinforced polyester stack. There was no provision in the prototype system
for reheating the saturated flue gas. Powdered limestone was slurried and added to
the JBR to control pH. Limestone grinding facilities were not included in the
prototype. The gypsum produced during the evaluation program was disposed of in

a gypsum stack, a disposal technigue commonly used in the phosphate fertilizer

industry. A gypsum stack is a free standing body in which solid-liquid separation
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is achieved by solids settling in a hollowed out section on the top of the stack.
The supernatant liguid flows through the walls of the stack to form a "moat" around
the stack. This disposal was evaluated independently by Ardaman & Associates under

EPRI Research Project 536-3 during the CT-121 demonstration.

The unique and central feature of the CT-121 process is the jet bubbling reactor.
802 removal, sulfite oxidation, limestone dissolution, and gypsum crystallization
reactions are all accomplished within this one vessel. This concept, which deviates
from the conventional limestone system approach of providing separate absorption
and reaction tanks, is a primary factor which can affect the overall capital cost

of a FGD system. In the JBR, the gas is dispersed several inches beneath the
slurry, thus minimizing the liquid phase mass transfer resistance, which can

limit 502 removal in spray tower systems. The liquid pumping power requirements

are also low in the CT-121 system because large slurry recirculation pumps are

not used; however, the power required to overcome the high gas—-side pressure drop

tends to offset this saving somewhat.

TEST PLAN AND OBJECTIVES

The objective of this program was to evaluate the performance of the CT-121 system
under a wide range of operating conditions and to measure the reliability of this
prototype. By varying both site-specific and some non-site-specific parameters,
an "operating envelope" in which the CT-121 system can function successfully was
determined. This performance evaluation therefore provides a basis for cost
evaluation activities as well as for some of the design parameters required for

commercial units.

The EPRI CT-121 test program was comprised of two test phases.

° Phase I - Baseline tests at Chiyoda-specified design conditions.
° Phase II - Perturbation tests in which unit is operated outside
of design conditions.
Phase I was a continuous two-month duration run which quantified some of the
operating variable fluctuations that might be expected during routine operation.
A week of testing was also conducted in which the flue gas entering the unit was
varied to simulate a varying boiler load. In addition, the Phase I results pro-

vided a baseline for comparison with Phase II operating results.



Phase IT was a four month test series to evaluate CT-121 performance under conditions
which might be encountered in a number of utility applications. The first test
series was designed to measure the effects of pH, JBR pressure drop, oxidation air
rate, and limestone particle size on 502 removal. Subsequent tests evaluated

the effects of lower-than-design JBR slurry solids concentrations, higher flue

gas SO, concentrations, lower oxidation air rates, higher chloride concentrations

in thezscrubber liquor, and high particulate loadings in the inlet flue gas.

During the high particulate loading tests, Radian completed material balances

for 15 trace elements to determine their fate within the CT-121 system. This

will also serve as a basis for EPRI to help identify the fate of fine particulates
and trace elements within limestone FGD systems in general. The system water balance

was also monitored throughout the evaluation program, and several metals were

tested for corrosion resistance in five different locations in the system.

In addition to the tests included as part of the EPRI program, Chiyoda conducted
testing during two other periods. Chiyoda performed three months of tests prior to
the beginning of the EPRI evaluation program. This initial testing, designated

as Phase 0 (zero), consisted of startup, shakedown, and some initial parametric
tests., These tests are briefly discussed later in this section. Chiyoda also
conducted an additional three-week test at the end of Phase II to evaluate some
internal JBR modifications designed to simplify the JBR design and further reduce
capital cost. This testing has been designated as Phase III. While EPRI, SCS,

and Radian were invited to observe Phase III testing, Chiyoda actually set the

test conditions and monitored system performance during this test period.

TEST RESULTS

When judged by four critical performance criteria: 502 removal efficiency, solid
waste quality, limestone utilization, and resistance to chemical scaling, the
performance of the CT-121 process throughout the EPRI evaluation program was quite
good. 802 removal efficiencies were up to 95 percent with 3500 ppm 302 in the
inlet flue gas, and the gypsum produced settled rapidly and dewatered easily.

The operation of the prototype system was particularly outstanding from the stand-
point of limestone utilization and chemical scale control. Limestone utilization
within the JBR averaged over 98% for the evaluation program. A detailed inspection
at the conclusion of Phase II revealed only minimal chemical scale deposition,
which had not posed a significant operating problem., This was after nine months

of testing including three months of Chiyoda shakedown operation and six months



of EPRI-sponsored tests. These performance results are excellent in view of test
conditions which deviated significantly from Chiyoda's design operating set points.
These results thus indicate that the system is flexible and can withstand sig-

nificant process upsets.

This summary of the CT-121 evaluation program results is organized in the following

subsections:
] Phase 0 Test Results
) Phase I Test Results
o Phase II Test Results
) Phase III Test Results
° EPA Performance Parameters
° Gypsum Disposal
° Mist Eliminator Performance
) System Water Balance
° Particulate and Trace Elements Testing
] Instrument Performance
) Corrosion Test Results

Phase O (Zero) Test Results

During Phase 0, Chiyoda started operation of the prototype scrubber and checked
system performance. Although Radian was not on site during this period, operating
data from Phase O are included in this report (Appendix A). During Phase O the
only major outage identified by Chiyoda was a bearing failure in the oxidation
air compressor. The performance parameters measured in Phase 0 are included in

the discussion of equipment and instrumentation performance in Section 5.

Phase I Test Results

Table 1-1 summarizes the operational parameters for the Phase I test period. This

set of operating conditions was specified by Chiyoda to attain 90% SO2 removal.



Table 1-1

SUMMARY OF PHASE I OPERATING CONDITIONS

Set Points
JBR Pressure Drop
JBR Overflow pH
Oxidation Air Rate

Underflow Solids Content

Variables (Average Values)

SO, Removal

Flue Gas Flow

Inlet 802 Concentration
Coal Properties

Sulfur Content

Ash Content

Higher Heating Value

JBR Underflow
Unreacted CaCoO
Limestone Utilization

Gypsum Tank Effluent
Unreacted CaCO
Limestone Utilization

11.5 inches H_O (2.9 kPa)
3.5 2

1300 scfm (0.58 Nm3/s)

17 wts

923 3
45,000 scfm (20 Nm™/s)
1000-1200 ppm

2.0 wts
11.0 wts
12,600 Btu/1lb (29,300 J/9)

l.1 wt% in solids
98.3%

1.4 wt% in solids
97.5%

The system had no downtime in Phase I. It operated stably throughout the two-

month period. The average 802 removal* was 92% with minimum and maximum values
of 80 and 97% and most readings between 90 and 95% removal. Only 2 days of the
63 total days in Phase I had a daily average removal of less than 90%. On 9

of the 63 days, SO, analyzer malfunctions precluded calculating daily averages.

2

*The inlet and outlet continuous monitors were calibrated on a routine basis but

not certified according to EPA procedures.



Two control variables were specified by Chiyoda as being most important to reliable
operation: the JBR pH and JBR underflow solids concentration. During this phase
these were held fairly constant. The overflow pH remained within t0.2 units of

the set point and control of the process set point for the solids content was
normally maintained between 15-19%., The operators did tend to control to the high
side of the solids concentration control point. Limestone utilization calculations
and gypsum relative saturation measurements also indicated the system was function-
ing well, After addition of limestone to the gypsum tank for neutralization, the
average limestone utilization observed in the tank effluent was above 97% even
though there was not a continuous pH monitor on this stream. This utilization
figure is quite good for limestone systems. The relative gypsum saturation in the
JBR overflow stream remained between 1.0 and 1l.l. This is well beneath the scaling

threshold relative saturation of 1.3 (2).

The Oxidation of sulfite to sulfate remained essentially 100%. No solid
phase sulfite could be detected, and the liquid phase sulfite levels were low.
High oxidation rates are necessary to achieve the design 502 removals at the

relatively low slurry pH's maintained in the JBR.

One test conducted during Phase I was designed to simulate the load changes of a
boiler by altering the gas flow to the system. The pH response to such gas flow
changes was good. However, from a pressure drop standpoint the JBR responded
somewhat sluggishly to rapid changes of gas flow. This was confirmed again in
Phase II. A change from half design gas flow to full design gas flow (equivalent
to a change from 20 MW to 10 MW) in fifteen minutes caused a rise in the pressure

drop of over 1 in. H.O (0.25 kPa) due to the volume of slurry which had to be

2
purged through the overflow weir of the JBR to reach the new pressure equilibrium.
However, in a commercial system the weir width, which was only about 18 inches
(0.46 meters) in the prototype JBR, could be widened or an alternative liquid

level control method used to allow for more rapid pressure equalization.

Phase II Test Results

In Phase II, a wide range of operating conditions was tested. The first test
series in this phase was conducted to evaluate the effects of the following

variables:



® JBR overflow pH

) JBR pressure drop
° Oxidation air rate
° Limestone particle size

Additional tests were conducted to measure the effects of:
Lower JBR underflow slurry solids concentration
Lower air rates

Higher flue gas SO, concentrations

2
Higher flue gas particulate loadings

Higher soluble chloride concentrations

Low flue gas flow rates

The influence of each of these variables on system performance is described below

with respect to its effect on:

° 502 removal efficiency
) Limestone utilization
° Solids characteristics and gypsum scale control

SO, Removal Efficiency. FPive variables were found to have an impact on SO
—_—

2
removal. They were 1) JBR pH, 2) JBR pressure drop, 3) 802 concentration,

4) oxygen/SO2 ratio, and 5) flue gas rate. No statistically significant
difference in the 502 removal was seen due to changing the limestone particle
size from 90% less than 325 mesh to 90% less than 200 mesh.

Three parameters--pH, pressure drop, and 802 concentration--were fit to a theo-
retically derived equation for predicting 502 removal. This theoretical equation,
was first presented by Chiyoda in 1978 (3), is discussed in more detail in
Section 5 and Appendix E. The two remaining parameters, oxygen to sulfur dioxide
(O/SOZ) ratio and gas flow, were not varied in conjunction with variations in
other process conditions, so they were not included in the mathematical model.

However, the 0/SO. ratio and gas flow did have a measurable effect on SO

2 2
removal under constant conditions of pH, AP, and inlet 502' The 802 removal
decreased significantly at 0O/SO_ mole ratios of 4 or below, and reductions in

2
gas flow resulted in slightly higher 502 removal efficiencies.



The 229 data points used for this analysis were best fit by using two equations,
the first for inlet gas 802 concentrations less than 2200 ppm and the second for
higher 502 levels. The primary reason for using two equations is that nearly all
the testing was at 802 concentrations less than 2200 ppm (200 data points). A
single equation fit the results for SO2 levels less than 2200 ppm but did not
adequately fit the removals observed at higher 502 concentrations.

Egq. 1-1 predicts the removal for inlet 802 levels less than 2200 ppm while Eq.

1-2 describes the results achieved at the higher inlet concentrations.

1.07
1-exp | -3.40 | <2E.
Fractional SO_. removal = ° 15.4 (1-1)
(for inlet gas SO

2 1 + 56.9 15.4 ~pPH S0 +11
. 10 2
concentrations less ) —

than 2200 ppm) Ap 1000

AP
exp[ -3.85 15.2

/ N 1.44
(1-2)

Fractional SO, removal =

(for inlet gas SO 5.26
5. - SO, \
concentrations grgater 1 0.84 15 4\~ 10 pH\ ; O2

AP / } 1000

than or equal to 2200
Where AP is the JBR pressure drop expressed as inches of water, 502 is the inlet

+

ppm)

flue gas sulfur dioxide concentration in ppm and the pH is that measured at the
JBR overflow. Both of the equations are applicable only to the range of Phase

IT test conditions at full load gas flow and with O/SO2 ratios greater than 8.

A detailed explanation of the derivation of these equations and their confidence
intervals is presented in Section 5 and Appendix E. Figure 1-2 is a plot comparing
the measured removal with the values generated by these two equations. Confidence
intervals are not shown in Figure 1-2 since the predicted SO, removal efficiencies

2
are calculated from two different equations each having a difference confidence limit,

The equations show the important effects of the pressure drop, pH, and 502 con-

centration on 502 removal, As the pressure drop increases, the exponential term
decreases, thus predicting a higher 502 removal. Likewise, as the pH increases,

increased So2 removal is predicted since the denominator approaches unity.
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Dependence of 502 removal on 502 concentration above a certain 502 concentration
is probably related to mass transfer in the JBR. When compared to spray towers
the JBR offers a major advantage in that the gas is bubbled through a liquid layer
which results in a greater mass transfer area. In addition, the liquid surface
surrounding each bubble is continually being renewed as the bubble rises. 1In
contrast, when flue gas contacts a liquid droplet in a spray tower, this inter-
facial surface is not renewed as rapidly. Consequently, a liquid phase mass

transfer limitation can develop at the droplet surface, limiting the 802 removal.

This film depletion phenomenon is minimized in the JBR. Up to a certain gas-

phase SO_ concentration, the liquid surrounding the gas bubble apparently can

2
absorb a constant fraction of the 802 in the flue gas since the sorption reaction

is gas film limited. However, as the concentration of 802 is increased the

sorption step becomes limited by the calcium availability in the surrounding
liquid. The removal efficiency then begins to drop. This liquid £film limit

occurs at higher concentrations of SO, in the JBR than in a spray tower.

2

From the evaluation program it appears that this effect became important in the

prototype unit at about 2500 ppm SO This observation is reflected in the two

5e
equations. In Eg. 1-1, the 802 exponent is 0.11 while in Eq. 1-2 it is 5.26,

which indicates that higher 802 concentrations have a much greater influence on

the 502 removal efficiency.

Judging from the results of the half-factorial test matrix, no second-order
variable interactions were significant. Pressure drop and pH exhibited strong
primary effects, and because of this, fairly wide ranges of operating conditions

can result in equivalent 802 removals. This is shown in Figure 1-3 which is a

plot generated using Eq. 1-1. This figure indicates the SO, removal efficiency

2

expected with an inlet flue gas SO_ concentration of 2000 ppm at different

2
combinations of AP and pH. The existence of these pH and AP tradeoffs can be

important in optimizing the CT-121 system's operating costs.

Even though the flue gas flow rate and the oxidation air rate were not included
in the predictive equations, under certain conditions these variables have a
measurable impact on the 802 removal rate. The boiler variable load tests in
Phase I indicated that flue gas flows lower than 30,000 scfm (13 Nm3/s) resulted

in an average SO2 removal of 94% from a flue gas containing 1000-120C ppm SO2
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Flows of above 45,000 scfm (20 Nm3/s) during the variable load test period re-
sulted in an average removal of 90%. Unfortunately, there was not sufficient

time to test the impact of low gas flows at different pH's, AP's, and 502

concentrations.

Results of several short term tests gquantified the effect of air rate (O/SO2

ratio) on SO, removal as shown in Figure 1-4, While no difference between 1000

2

and 1300 scfm air rates (0/SO. ratios ranging from 8 to 11) was seen in the

statistical tests, Figure 1-425hows a reduction in 802 removal efficiency to
about 77% at an air rate of 480 scfm (0.2 Nm3/s) (O/SO2 about 4). With the

air shut off, the 502 removal dropped to below 40%. In addition to the O/SO2
ratio, distribution of air in the JBR (which is influenced by such factors as air
sparger, mixer, and draft tube system designs) is also important in maintaining

high oxidation. These design factors were not examined in detail in this evaluation

program,

No effect on 502 removal was observed as the chloride level in the ligquid slurry

was increased from 1000 to 6000 ppm. Eg. 1-3 represents the 502 absorption

mechanism.

Hy0

Z H.so Zu (aq) + HSCD (aq) (1-3)
S0, (9) 250, (aq) aq 5 (aq

The 502 mass transfer rate is maintained by rapid dissolution of limestone to

maintain the desired pH and by rapid oxidation of the bisulfite ion to keep the

SO2 back pressure low. Since the increased chloride concentration from 1000 to

6000 ppm had no effect on SO_, removal, the chloride ion apparently does not

2
interfere with either the limestone dissolution or sulfite oxidation steps over

the range of chloride concentrations tested.

Limestone Utilization. The observed limestone utilization in the CT-121 system

was high. Overall for both phases of the evaluation, the utilization measured
around the JBR remained above 98%. Varying the overflow pH set point or changing
the limestone particle size did not cause a measurable change in the utilization.
The JBR overflow pH was varied from 2.5 to above 4.5 during Phase II, and the
limestone grind was changed from 90% less than 325 mesh (44 um) to 90% less than
200 mesh (74 um). Although the two limestones were obtained from different sources,

the compositions were quite similar.
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The overall utilization was also good even when one considers the limestone added
to the gypsum tank for final neutralization of the gypsum slurry to a pH of 6.
Optimization of this process step was not an objective of the program. The
limestone flow to the gypsum tank was only occasionally adjusted manually; there
were no on-line pH monitors or controllers. Samples indicated that the overall
limestone utilization was somewhat lower in Phase II (“93%) than in Phase I
(>97%). The primary cause of the lower utilizations in Phase II was probably

the result of changes in process conditions which could have easily upset pH

conditions for neutralization.

Solids Characteristics/Gypsum Scaling Tendency. The solids produced in the JBR

during the evaluation generally contained over 97% gypsum. There were no sulfite
solids measured since the pH was always low enough that calcium sulfite would
remain in solution until it was oxidized. BAlso, as discussed in the preceding
limestone utilization section, there were only small amounts of calcium carbonate
remaining in the JBR underflow slurry. The gypsum solids settled very rapidly with

no measurable differences in the free-fall characteristics between samples.

Figure 1-5 shows typical differences between solids formed when testing with
lower sulfur coal (nominal 1.8% sulfur) and those formed with higher sulfur coal
(nominal 3.2% sulfur). The crystals formed when cleaning the flue gas from the
lower sulfur coal were long rod~shaped crystals. Many were over 400 uUm in length
with length to diameter (L/D) ratios from 10 to 20. The crystals produced with
the highex sulfur dioxide loadings were less than 100 um in length with L/D ratio
from 2 to 5. This difference in crystal size can be explained by examining the

general precipitation rate expression presented in Eq. 1-4.

R = k+a*v*C* (RS-1) (1-4)

where R is the precipitation rate, k is a temperature-dependent rate constant, a
is the specific solid-liquid interfacial area of the crystal, V is the volume of
the reaction vessel, C is the solids concentration, and RS is the relative
saturation (product of the activities of calcium and sulfate ions divided by the
solubility product). In a system where the reaction volume and the solids
concentration are set, the surface area and the driving force would be expected
to increase with increasing SO, removal rates. Figure 1~5 shows the results of

2

doubling the S0, removal rate, which reduces the solid phase residence time by

2
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JBR Underflow Solids 11/29/78
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JBR Underflow Solids 4/13/79
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Figure 1-5
Comparison of Solids Produced With Two SO, Loading



about 50%. Smaller crystals (which have a greater surface area per mass of solids)

were formed in the tests with the shorter solid phase residence time.

Likewise, there was a general trend of rising gypsum relative saturation (pre-
cipitation driving force) with increasing 802 removal rate. When 1.8% sulfur coal
was fired, the gypsum relative saturation (RS) in the JBR overflow remained
between 1.0 and 1.1. With the 3.2% sulfur coal, the relative saturation ranged
between 1.1 and 1.17. During the experiments with 502 inlet concentrations above

3000 ppm, the gypsum relative saturation of the overflow liquor was measured as

high as 1.23.

These relative saturations would not be expected to lead to general scaling of
the reactor since they are all less than the critical level of 1.3. Inspections
at the conclusion of Phase II confirmed this. Scale deposition in the JBR was
minimal., There were some random patches of gypsum scale on various surfaces,
but none of the depositions were threatening system performance, and the scale
thickness was less than 1/16 in. (2 mm). Even though the scale build-up was
minimal, routine periodic cleaning (perhaps at boiler outages) might be
necessary in a commercial application. The required cleaning frequency was not
determined in the evaluation program, but nine months of operation was logged

and no operating difficulties were experienced.

Two additional comments are pertinent to this discussion of scaling tendency.
First, there was not sufficient operating time with 3000 ppm 502 concentrations
to conclude that chemical scaling would not occur at this level., Sufficient

time was logged with about 2200 ppm SO2 inlet concentrations to determine that
successful operation was possible under these conditions. For most of the test
program, the prototype system operated with inlet 802 concentrations of less than
1500 ppm which resulted in gypsum solids residence times of 1.5 to 2 times that
which Chiyoda feels are necessary for a commercial system. Operation with this
safety factor during most of the program may have enhanced the prototype JBR's

performance.

The second point is that solids control is extermely important in maintaining
a nonscaling mode of operation. The higher the solids content, the less likely
scale will form on scrubber surfaces. Solids stratification in the JBR due to

the rapid gypsum settling rate means that the solids concentration is lowest in



the froth area where the scaling potential is highest. Continual, low concentrations
of suspended solids in the froth zone could cause scale buildup. It is apparent
that sufficient seed crystals were maintained in the froth zone since minimal scale

was observed at the conclusion of the test program.

During the high particulate loading test, the JBR solids were approximately half
gypsum and half fly ash. No difference was noted in the gypsum crystal structure,
nor was any significant change observed in the relative saturation. However,

to insure that adequate gypsum surface area would be present for precipitation,

the solids concentration set point was raised.

Phase III Results

After EPRI completed its evaluation program, Chiyoda performed some internal
modifications on the JBR. These included:
® modifying the slurry mixing pattern in the JBR by removing the

draft tube and reversing agitator movements

) increasing the flue gas flow through individual flue gas spargers
by blanking off 40% of the spargers

® increasing the gas velocity through the gas-slurry disengaging
section of the JBR by blanking off 60% of the gas risers

° enhancing flue gas quenching and cooling by adding slurry lines
to the inlet gas chamber
The effects of these changes on the 502 removal efficiency appeared to be minor.
Operation during Phase III resulted in 502 removal efficiencies which were 1 to
2% lower than those measured at equivalent set points in Phase II. It is likely
that the higher gas rates through the flue gas spargers caused this lower removal,
although the effect of a change in limestone feed line location cannot be ruled
out. The effects of changes in inlet SO, concentration also seemed to be greater

2
than those observed in Phase II, although this was not quantified.

The elimination of the draft tube apparently resulted in the bigger change in

the system performance. The solids loading in the overflow remained between 3
and 6 wt: while the overflow solids in Phase II were above 8 wt% for equivalent
conditions. The gypsum relative saturation in the overflow ranged between 1.15

and 1.3.
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Other key tests during Phase III involved reducing the venturi liquid-to-~gas (L/G)
ratio and testing a vacuum filter for solid-liquid separation. The vacuum filter

results are covered under the topic of gypsum disposal later in this section.

The test to determine the effects of reducing venturi L/G required the venturi
recirculating liquor pump (600 gpm, 0.04 m3/s) to be turned off. However, the
flue gas continued to be sprayed with 40 gpm (0.0025 m3/s);of pond water and 15
gpm (0.0009 m3/s) of fresh makeup water. The purpose of the test was to simulate

the effect of a spray quench on JBR performance.

Although about 3 times the amount of water required to saturate the gas was added,
the gas-~liquid contact was such that the flue gas was only partially saturated.

The gas temperature was cooled to about 1500F (66OC) compared to a saturation
temperature of about 13OOF (54OC). Inspection at the end of the program showed
areas of dried solids above the openings in some of the gas spargers. These areas
of solids deposition could have been caused by slurry splashing up and drying in the
partially saturated gas. Other spargers which had a spray wash system above them
did not have significant internal deposits. The results of this test emphasize the

importance of adequate flue gas cooling to prevent interface problems in the spargers.
Overall, the Phase III testing showed that 1) a reduced number of spargers and gas
risers could be used with only a minimal impact on SO2 removal efficiency and 2)

insufficient flue gas saturation may create plugging problems.

EPA Performance Parameters

The four performance parameters employed by EPA to measure an FGD system's
reliability are presented in Table 1-2. The overall figures include both the Phase
0 shakedown and the Phase III test period. Both of these periods involved some
planned outages which penalized both the operability and utilization factors.
However, during the EPRI program, (Phases I and II) all four factors were

extremely good -- there were only 22 hours of forced outages during the EPRI
evaluation program, of which 21 hours were due to limestone feeder problems. When
inspection time was added to the total downtime, the fraction of the period in which
the FGD system operated was 97.3%, as reflected in the utilization factor for

Phases I and II.



Table 1-2
CT-121 RELIABILITY PARAMETERS

Overall Program EPRI Program
Parameter 8-30-78 > 6-29-79 11-15-78 > 5-22-79
Availabilitya, % 98.8 99.3
Reliabilityb, % 99.6 99,5
Operability®, % 90.0 97.3
Utilization Factord, % 90.0 97.3

aAvailability - Hours the FGD system is available for operation (whether
operated or not), divided by the hours in the period.

b ... ' .
Reliability - Hours the FGD system was operated divided by the hours the FGD
system was called upon to operate.

cOperability - Hours the FGD was operated divided by the boiler operating hours
in the period.

d_ ... . -
Utilization Factor - Hours that the FGD system operated divided by total hours
in the period.

These performance parameters indicate the CT-121 prototype performed with excep-
tional reliability during the evaluation program. These figures cannot be used
to accurately predict the performance of a commercial system, but the evaluation
program indicates that a properly designed CT-121 system could be expected to operate

with a minimum of process or mechanical problems.

During the program, the CT-121 system was operated by local operators who had
been trained by Chiyoda. Chiyoda supervisory personnel were present only during
the day shift. Approximately 2200 maintenance manhours were charged during the

ten month program (Phases 0 through III).
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Gypsum Disposal

The gypsum produced was disposed in a gypsum stack similar to ones used in the
phosphate industry. Ardaman & Associates Inc. of Orlando, Florida designed and
constructed the gypsum stack under a separate EPRI Project (RP536-3). The results

of this work are discussed in detail in Vol. III of this report. Figure 1-6 is a
picture of the final stack configuration. Although there was some initial sloughing
at the base of the stack, the performance of the stack to date has been good. The
gypsum settled to about 70 wt% solids under the water surface. As the stack walls
were raised by dredging the solids from the pond in the middle of the stack, the
gypsum at the top of the stack increased to over 90% solids. The liquor was decanted

from the stack to a holding pond and then pumped back to the process.

During Phase III, Chiyoda tested a 1 ft. Bird-Young high-speed rotary vacuum filter,
This filter was capable of processing between 1.5 and 2.0 t/h of gypsum. The JBR
underflow stream was used as the feed stream without employing a thickener. The
filter cake was typically 85 wt% solids after about two seconds residence on the
filter. A 40 ym x 40 um filter cloth was used, which resulted in a cloudy filtrate

indicating the presence of some suspended solids in the filtrate.

Chiyoda has conducted some wallboard and cement utilization studies with some of
the solids produced in the evaluation program. These tests show that the CT-121
gypsum can be made into wallboard or used in the production of cement. The wall-
board manufacturers reported little difference between the natural and FGD-produced

gypsum products. Results of the various tests are presented in Appendix J.

Mist Eliminator Performance

The mist eliminator performance during the program deserves special mention. The
mist eliminator was composed of two banks of chevron blades mounted in a horizontal
run of duct downstream of the JBR., The mist eliminator was washed on an average
of once a week for one minute with about 300 gpm (0.019 m3/s) of pond water. No

signs of gypsum scaling or plugging were noted during the program.

This excellent performance is attributed to two major factors. First, the
superficial gas velocity leaving the froth zone of the JBR was only about 2 ft/s
(0.6 m/s), resulting in most of the entrained slurry being separated from the flue
gas in the interior of the JBR or in the JBR outlet gas chamber. Secondly, the

slurry escaping the JBR contained very little solid phase alkalinity (CaCO3 or CaSO3).
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Figure 1-6
Filled Stack, End of Phase Il 5/22/79
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Therefore, the dissolution of calcium solids and subsequent sorption of SO_ on the
mist eliminator blades which has caused scaling problems in many systems did not

occur in the CT-121 prototype.

System Water Balance

During the evaluation program, the system's water balance was closely monitored.
A rain gauge and evaporation pan were used to measure the daily rainfall or
evaporation rate, and flows from the gypsum stack-pond area were measured to

estimate any outflows.

Freezing and rainy weather forced the operators to run the system open~loop for a
few days in late December and during much of January and early February. 1In late
December, rainfall filled the gypsum stack liquor collection pond, and the pond
started overflowing to the Gulf Power ash pond. During early January, it was
necessary to circulate fresh water through exposed supernatant return pipes to
avoid freezing and bursting. Excess water overflowed to the Gulf Power ash pond

at an estimated average rate of 7.5 gpm (0.0005 m3/s) during December-February.

During Phase II the pond overflow pipe was sealed to better monitor the water
balance. Once the freezing weather subsided, intentional outflows from the pond
were recorded when the gypsum stack was raised. No unintentional outflows were
observed. In a commercial design, provisions could be made at the gypsum stack

site to eliminate the need for excess liquor discharge.

During Phase II, the liquor overflow from the CT-121 gypsum stack holding pond

to the Gulf Power ash pond averaged about 2.4 gpm (0.0002 m3/s). Most of this
occurred in January and February. A concerted effort was made to use more pond
water in the last three months of Phase II. Fresh water to the venturi was reduced.
At the same time, both the pond water rate to the venturi and the bleed rate from
the venturi were increased to minimize the scaling potential in the venturi recycle
stream. Pond water was also employed as seal water for two sets of pumps for
almost 3 months at the end of Phase II. All pumps sealed with pond return water
performed acceptably, although the seal design were somewhat different from typical
lantern ring and packing seal systems (see Section 5.0 - Equipment Performance).
During the final month of Phase II, these steps resulted in a net reduction of 2.6 gpm

(0.0002 m3/s) in the amount of fresh water required by the process.



Trace Elements and Particulate Testing

One of the Phase II tests measured the CT-121 system's particulate removal
capability and determined the fate of trace elements in the system, This task
was performed because of EPRI's interest in the fate of trace elements in lime/
limestone FGD systems. Results show that:

° The venturi-~JBR combination removed 99.4% of the inlet
particulate (inlet loading = 3.4 grains/scf)

° An increase in particulate matter larger than 4 Um in diameter
was seen across the JBR; a damaged mist eliminator from the
initial CT-101 demonstration may have been partly responsible
for this (see Section 6).

° Ninety-nine percent removal of 10 trace metals was seen
(Ca, Mg, Ti, Cr, Cu, Pb, Ni, V, Be, Zn).

e Approximately 90% removal of the remaining 5 volatile metals
(As, Sb, Cd, Hg, Se) was observed.

) Greater than 95% of the chloride in the coal is found in the
gas phase after combustion; removal of 292% of the gas phase
chloride was seen across the scrubbing system.

Two points which should be discussed with respect to particulate removal in
the CT-121 system are the JBR's particulate removal capability and the effect
of fly ash in the slurry.

During this test the electrostatic precipitator was totally deenergized, but

the prequench venturi remained in service to protect the reinforced plastic duct
downstream of the venturi. As a result, the inlet grain loading to the JBR

was only about 0.025 grain/scf (57 mg/Nm3) and consequently the JBR itself showed
only 40% particulate removal., It is difficult to assess how the JBR would
perform with a higher inlet grain loading. To simulate capture of all the fly ash
by the JBR, the fly ash removed by the venturi was pumped to the JBR. No significant
amounts of fly ash reentrainment from the froth layer were observed. However,
since capture of particulates from the gas phase is accomplished by a different
mechanism than that involved in reentrainment of particles from the liquid phase,
no conclusions can be made as to the JBR's effectiveness as a primary particulate

removal device based on these test results.
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No noticeable effect on the process chemistry was seen as a result of the high
fly ash loadings. The slurry solids were approximately half gypsum and half
fly ash. During this test period, the inlet 502 concentration was about 1500
pprm and a gypsum relative saturation of about 1l.1-1.15 resulted. This is the
approximate relative saturation range seen previously with this 802 level. Had
the SO2 level been higher, the displacement of gypsum solids by fly ash might

have increased the relative saturation and the potential for scale formation.

Instrument Performance

Key instruments in the CT-121 system functioned acceptably during the program.

A potentiometer malfunction in the outlet gas Du Pont 502 analyzer resulted in

the automatic zero function being out of service for most of Phase I. This

was not a major problem since more attention was given to the Du Pont instrument

in Phase II as a result. The system needed manual calibration only once per

week. There were occasionally some low readings recorded which indicated leaks

in the sampling lines. On the whole, however, the SO_ analyzer and sampling system

2
functioned well.

The JBR pH and underflow solids concentration measurements are important control
parameters. The pH measurement was made with a dip sensor at the overflow weir.
A neoprene wiper was used continuously to keep a stagnant film from building

up around the probe. This instrument was checked daily and calibrated weekly.
The pH measurement was judged to be quite reliable throughout the entire program.
A Kay-Ray on~line nuclear density meter for measuring slurry solids concentration
was installed Quring Phase II. In general, this instrument performed acceptably.
System operators also manually measured the solids concentration once every four

hours.

Finally, a Polysonics Flow Meter (Model UFM-PD) was evaluated during the program
for measuring slurry flow rates. This is a noninvasive flowmeter with a single
transponder which related an ultrasonic frequency Doppler shift due to slurry flow
to the actual velocity in the pipe. The instrument was easy to use, accurate, and
portable. Since a portable unit was tested, however, information concerning the
reliability and resistance to weather and other continuous operating hardships

was not obtained. The instrument also does not perform on homogeneous streams

such as clear liquids, because solids or gas bubbles are required for correct

flow readings.



Corrosion Test Results

Test spools of various metal coupons prepared by Radian and the International
Nickel Company were placed throughout the system. Nearly all of the specimens
showed good corrosion resistance in three locations: the JBR liquid, the outlet
gas from the JBR, and the stack gas. Most of the samples placed in the venturi
liquid and venturi outlet gas streams were significantly affected because of the
low liquor pH (1.9 to 2.5). Only the Inconel 625, Uddeholm Type 904L and

Hastelloys G and C-276 showed no adverse effects in these two locations.

CONCLUSIONS

Based on the results of the CT-121 evaluation program, the following conclusions
can be drawn:

1. The CT-121 prototype system operated reliably and efficiently
under a variety of test conditions. After 9 months of testing,
only a minimum of scale deposition was seen on the JBR internals.
It is reasonable to expect that a properly designed commercial
CT-121 system should also give reliable performance.

2. The CT-121 system has several potential advantages over con-
ventional lime/limestone FGD systems. These include:

-=The lack of large slurry recirculation pumps, slurry nozzles,
slurry screens, or thickeners significantly simplifies the
CT-121 system design. This simplified process flow scheme
and the proprietary JBR gas-liquid contact mechanism should
improve FGD system reliability and allow the CT-121 system
to operate successfully over a wide range of process conditions.

--Operation at design pH's in the JBR results in high limestone
utilization (98% with either 200 or 325 mesh limestone).

--JBR design results in low slurry entrainment in the gas. The
low entrainment and high limestone utilization in the JBR en-
hance mist eliminator performance and reliability.

--The low scrubber profile and compact design (elimination of
thickener and separate absorber reaction vessels) may reduce
FGD system capital costs.

One application in which the CT-121 system may encounter operating
difficulties involves scrubbing the flue gas resulting from com-
bustion of a low-sulfur, high-ash coal. If the JBR is used for
combined particulate and SO_ removal, the gypsum production rate
must be high enough and the crystallizer section of the JBR must
be large enough to maintain adequate seed crystals in the slurry;
otherwise, scaling could occur. In certain applications, the
coal/ash/sulfur ratio may be sufficiently high that a separate
JBR and dry particulate control device would be more economical

than combined particulate and 802 removal in the JBR.
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pH and AP are the most important variables that influence SO

removal. There are a number of pH and AP combinations which can

give equivalent SO, removal efficiencies. Variations in pH between
2.7 and 4.5 do not affect the process operability but do significantly
change SO_. removal efficiency. SO_. removal of 96.5% was obtained
during a Short test with an SO in%et concentration of about 1900

ppm, pH 4.3 and AP of 15 incheS of water (3.8 kPa). Over 90% removal
was routinely obtained with 2000 ppm of 502 at pH 4.0 and a pressure
drop of 11.5 inches (2.9 kPa).

The solids produced in the program were generally contained over

97% gypsum by weight. ©No sulfite solids were measured and the lime-
stone utilization in the JBR averaged above 98%. The gypsum
crystals exhibited rapid settling rates. Gypsum stacking and

gypsum use for wallboard production appear to be acceptable means

of disposing of the CT-121 gypsum. A vacuum filter was also success-
fully demonstrated as an alternate solid-liquid separator.

With this prototype JBR design, inlet SO, concentrations of 3000
to 3500 ppm were treated without producing scale in the JBR,
although long duration runs were not made with SO_ concentrations
this high. Long duration runs were conducted wit§ inlet gas con-
centrations of 2200 ppm SO., and inspections revealed only minimal
amounts of scale deposits at the end of Phase II. However, it
should be noted that a significant portion of the program was
conducted with inlet SO_ concentrations of less than 1500 ppm,
which resulted in gypsufi solid phase residence time in the JBR

of 1.5 to 2 times that which Chiyoda plans for commercial units.
Operation with this safety factor during portions of the program
undoubtedly enhanced the prototype JBR's ability to operate with-
out scaling problems,

In combination, the venturi-JBR system removed an average of

99.6% of an inlet particulate loading of 3.4 grains/per standard
cubic foot. Removal was measured for 15 trace metals found in the
inlet flue gas. Better than 99% removal from the flue gas was
observed for 10 of the less volatile metals.
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Section 2

INTRODUCTION

The Electric Power Research Institute (EPRI) is interested in identifying and pro-
moting flue gas desulfurization (FGD) technology which can best meet the require-
ments of its member utilities. Earlier work sponsored by EPRI and Southern Company*
has evaluated three FGD process technologies, including the Chiyoda. Thoroughbred

101 System (CT-101) (see EPRI Report FP-713-SY, Project 536-1). Innovations to

the CT-101 process by Chiyoda Chemical Engineering and Construction (CCEC) Company
has produced the Chiyoda Thoroughbred 121 System (CT-121). A preliminary evalua-
tion of the CT-121 Process indicated that this system was sufficiently promising

to warrant an evaluation of its applicability to coal-fired utility boilers.

The salient feature of the CT-121 process is the Jet Bubbling Reactor (JBR) which
incorporates the abéorption, oxidation, neutralization, and crystallization steps

in one process vessel. As a result of this novel design concept, the capital and
operating costs may be favorable compared to competing technologies. Based on these
potentially favorable characteristics, Gulf Power, Southern Company Services (SCS),
and EPRI entered into an agreement with CCEC and their American subsidiary, Chiyoda
International Corporation (CIC), to operate, test, and evaluate a prototype system
at Gulf Power's Scholz electric generating station. This prototype was constructed
by modifying the existing CT-101 equipment at Scholz to incorporate the CT-121

Process.

EPRI's role in this program was to ensure that an adequate objective evaluation was
conducted and that the information derived from the evaluation would be distributed
in a timely manner and be of maximum benefit to the utility industry. In this
capacity, EPRI contracted with SCS to perform an evaluation of the CT-121 Process.
SCS, in turn, subcontracted to Radian Corporation to act as an independent test

and evaluation contractor for the program. SCS also contracted with Ardaman and

*The Southern Company electric system is an electric utility holding company

operating in the Southeast. It includes Alabama Power Company, Georgia Power
Company, Gulf Power Company, Mississippi Power Company, and Southern Company

Services, Inc.



Associates (EPRI Project 536-3) to test the feasibility of disposing the gypsum

produced by the CT-121 system in a gypsum stack, a disposal method commonly employed

in the phosphate fertilizer industry. The technical process evaluation conducted

by Radian is included in Vols. I and II of this report while Ardaman's gypsum stack

work is documented in Vol. III.

The test and evaluation portion of this program was divided into four test phases:

Phase O - Three-month process start-up and line out testing conducted
by Chiyoda.

Phase I - Two-month duration baseline testing at Chiyoda's specified
conditions to quantify some of the control variable fluctuation
that might be encountered during routine operation.

Phase II - four-month duration test series over a wider range of
variable set points to evaluate system response under operating
conditions that are representative of a broad scope of utility
applications.

Phase III - Three-week duration testing by Chiyoda after meeting
potential cost saving internal modifications to the JBR and with a
vacuum filter for gypsum dewatering.

The information derived from this evaluation program is presented in this document

as follows:

Section 2.0 - Summary

Section 3.0 - Process Description

Section 4.0 - Test Plan

Section 5.0 - Résults

Section 6.0 - Particulate Testing and Trace Element Sampling
Section 7.0 - Comments on CT-121 Commercialization

Section 8.0 - Gypsum Stacking

Section 9.0 - References

In addition, the detailed data, sampling and analytical procedures, statistical

analysis equipment descriptions, gas phase SO» analysis system description, and

results of gypsum utilization studies are presented in Appendices A through J.



Section 3

PROTOTYPE SYSTEM DESCRIPTION

This section describes the Chiyoda CT-121 prototype system which has been built
and operated at the Scholz Plant of Gulf Power Company. The power system at Scholz
includes two Babcock and Wilcox 40 megawatt (MWe) nominal pulverized coal-fired
boilers. The ductwork is arranged so that flue gas from either boiler can be
directed to Chiyoda's CT-121 prototype plant which is designed to handle about
53,000 scfm (about one-half of the full load gas flow from one boiler).

The operating philosophy of the CT-121 process has evolved from Chiyoda's experience
in S0, scrubbing including the development of the CT-101 process which had been
demonstrated at Scholz in an earlier program (5). At the heart of this scrubbing
concept is Chiyoda's proprietary absorber-reaction vessel, the jet bubbling reactor
(JBR). Since Chiyoda's primary objective was to demonstrate the application of the
JBR concept at a semi-commercial scale, equipment from the existing CT-101 demon-
stration plant was modified as needed for the CT-121 testing.* For this reason,
the CT-121 system tested at Scholz did not incorporate all of the features that a
commercial CT-121 system might include. Also, since this was the first commercial
CT-121 system, it was designated as a prototype unit. This distinction should be
kept in mind since the difficulty in extrapolation of prototype unit data at times
limited the evaluation of some proposed commercial design concepts. Section 7
describes briefly some of the differences Chiyoda has proposed for a commercial

system which were not present at Scholz.

The remainder of this section will describe in some detail the prototype system
which was actually tested during the evaluation program. A flow schematic which
presents the overall process is shown in Figure 3-1. To facilitate the system

description, the process has been divided into the following general areas:
° Flue gas handling system

° Venturi quench system

*The CT-101 system is a commercially proven process being used at 13 sites in
Japan.
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. JBR operation

. Limestone addition system
° Gypsum disposal system
° Mist eliminator operation

Each of these areas is discussed in the following subsections.

FLUE GAS HANDLING SYSTEM

Boiler flue gas first passes through a high efficiency electrostatic precipitator.
The ductwork is designed so that gas may be directed either to the CT-121 system or
up the Scholz stack. The flue gas split is determined by a set of guillotine damp-
ers. This identical arrangement for both boilers allows gas to be sent to the CT-121

system from either Unit 1 or 2.

In addition, the scrubber operator controls another damper system upstream of the
CT-121 system's forced draft fan. By adjusting this damper setting the scrubber
operator can set the gas flow to the CT-121 system within certain limits. The maxi-
mum gas flow, which is limited by the fan output pressure, is about 53,000 scfm
(about 23’Mwe) under normal JBR operation. As a result of fan vibration at lower

gas flow rates, the minimum flow is about 25,000 scfm (about 10 MWe).

After passing through the fan, the gas flows to a fixed-throat venturi contactor.
Here, the gas is cooled by adiabatic saturation from about 300°F (150°C) to 120-130°F
(49-54°C) with a combination of fresh water and pond water (supernatant from the

gypsum stack).

From the venturi, the gas flows through a fiberglass duct to the jet bubbling reac-
tor (JBR). S0z removal, neutralization with limestone, oxidation of sulfite to

sulfate, and gypsum crystallization are all accomplished in the JBR.

The gas exiting the JBR first passes through a gas-slurry disengaging chamber at
the top of the JBR vessel. Then, the gas passes through two banks of vertical
chevron mist eliminators to achieve final gas-slurry separation before exiting the
system through a fiberglass duct and stack. The prototype system has no provisions

for reheat.



Normally, the inlet flue gas treated by the CT-121 prototype system ranged between
1000 and 2500 ppm in SOz concentration. This resulted from combustion of coals
containing between 1.5 and 3.5 weight percent sulfur. The flue gas was also spiked
with SO2 to a level of 3500 ppm for brief periods during the program. A Southern
Company Services designed SOz extractive sample conditioning system utilizing Dupont

model 400 analyzers continuously monitored the inlet and outlet flue gas SO content.

VENTURI QUENCH SYSTEM

The venturi gquench system was part of the original CT-101 demonstration system. To
conserve capital costs, the venturi was incorporated into the CT-121 system to satu-
rate the flue gas before it entered the JBR. The venturi was not intended to be a
primary particulate removal device since there are ESP's upstream. In addition,
although there were physical means of isolating the prescrubber liquor from the

rest of the system (i.e. pumping prescrubber liquor to the Scholz station ash pond),
no liquor segregation was attempted during the program. Prescrubber blowdown was
either pumped to the JBR, to the sump, or directly to the gypsum tank. 1In all cases,
the prescrubber liquor was neutralized either in the JBR or directly in the gypsum

tank where it was mixed with other system liquors.

When the system was operating at full load, gas flow through the venturi resulted

in about 8 to 9 inches water gauge (2000-2250 N/mz) of gas side pressure drop. This
provides excessive gas-liquid contact for saturating the flue gas, but as stated
before, the venturi was pre-existing and not designed specifically for the gas satu-
ration function regquired in the CT-121 system. Temperature indicators in the ducts
at the inlet and outlet of the venturi were used by system operators to ensure
proper venturi operation and to protect the fiberglass duct downstream of the ven-

turi from a temperature excursion.

Figure 3-2 shows typical stream flows around the venturi system at the end of the
program. About 15 to 20 gpm (57-76 fpm) of water was theoretically required to
saturate the flue gas when the system was operating at full load. Two sources of
prescrubber makeup water were used: 1) fresh plant water and 2) pond water.
Approximately 10 to 15 gpm (38-57 2pm) of fresh water was added through a distribu-
tion ring directly above the venturi-throat. Pond water was added to the system

through a separate nozzle above the throat at a rate of 35-40 gpm (132-151 {pm).
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About 600 gpm (2270 fpm) of venturi recycle water was added through tangential
ports above the throat to ensure saturation. The gas and liquid separate in a
tangential disengaging chamber with the gas flowing to the JBR and the liquor
being recirculated to the venturi throat. Venturi liquor was purged from the
prescrubber to prevent excess gypsum supersaturation due to evaporative concen-
tration of the pond water. The pH ranged from 1.9 to 2.5 during the course of
the program being dependent on the purge rate. Minimal SOz removal in the ven-
turi was achieved at this low pH (<1 percent). Section 5 discusses the problems

encountered with the venturi level controller during the early part of the program.

JET BUBBLING REACTOR SYSTEM

As stated previously, the JBR is the key equipment item in the CT-121 system. 1In

this vessel, there are a number of mass transfer operations occurring simultaneously:

° S0, transfer from the gas to the liquid phase.

. Neutralization of sulfurous acid by limestone addition and
dissolution.

. Oxidation of liquid phase sulfite to sulfate.

. Gypsum crystallization and growth.

Each of these steps is important in the operation and control of the JBR. Figure
3-3 is a schematic of the JBR which will be used for discussion purposes below.

Figure 3-4 is a photograph of the JBR at Scholz.

Gas-Liquid Distribution

The first step in achieving good SO, removal is establishing efficient gas-liquid
contact. In the CT-121 system, efficient gas-liquid contact is accomplished by
dispersing the gas into the slurry rather than spraying the slurry into gas as is
done in existing lime/limestone systems. As a result, large recirculating slurry
pumps are not required and pumping energy is saved. However, the gas-side pressure

drop is greater in a CT-121 system than in a typical spray tower.

The saturated gas from the venturi prescrubber enters the JBR through the inlet
gas chamber which distributes the gas into a number of flue gas sparger tubes.
Pressure forces the gas below the slurry level in the JBR where the gas enters
the slurry horizontally through openings located in each sparter. The injection
of gas beneath the surface of the slurry creates a froth layer in which SO; mass

transfer is enhanced.
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The mass transfer in this froth layer is influenced by both the velocity of gas
through the sparger openings and the height of the froth layer. The gas velocity
affects the size of the gas bubble which is formed, the superficial gas velocity
(ma/hr-mz), and therefore the mixing in the froth layer. The velocity through the
spargers must be sufficiently high to ensure jet bubbling. For a given JBR-sparger
design, the gas velocity and therefore the dynamic pressure drop through the sparg-
ers, will remain constant if the gas flow does not change. This pressure drop
through the sparger openings impacts the gas liquid mixing in the froth layer and the
bubble size which sets the specific gas-liquid interfacial area. Increases in
pressure drop (velocity) increase the mixing and interfacial area and therefore
make SO; transfer more efficient. Chiyoda has reported that the escaping bubbles
range from 1/8 to 7/8 inch (3-22 mm) in diameter (g). This approximate size range

has been verified by observation through sight glasses on the JBR.

The height of the froth layer also affects the SO0z removal efficiency by setting

the gas liquid contact time and therefore the hydrostatic pressure drop. Higher
froth layers and longer residence times generally result in greater SO, mass trans-
fer. The height of the froth layer can be changed in the CT-121 prototype system

by altering the setting of the overflow weir which controls the level of sparger
immersion. However, this was a manual change not easily accomplished during steady-
state operation. Chiyoda has designed an automatic weir system for commercial units

which will permit the pressure drop to change as needed for SO, removal.
The pressure drop across the JBR was varied between 5 and 15 inches (127-381 mm) of
water gauge during the program by setting the weir at different heights. However,

for most of the program the AP was maintained between 10 and 13 inches (254-330 mm).

Neutralization

As SO, is absorbed into the slurry, the liquid phase reactions shown in Eg. 3-1

occur quickly.
SOz (g) + Hz0 2 HpSO3(aq) Z HT + HSO3 Z 2H' + 503 (3-1)

Since the liquid-liquid reactions are rapid compared to gas-liquid or solid-liquid
reactions, the liquid phase approaches equilibrium steady-state conditions. 1In
order to maintain a driving force for SOz sorption, the CT-121 system relies on:

1) forced oxidation to reduce the amount of sulfite in solution (this topic is



discussed in the next section) and 2) neutralization to control the hydrogen ion
(g%) concentration. The depletion of the sulfite ions by oxidation and the H'
ions by neutralization allows continuing SO» removal. It can be seen in Egq. 3-1
that if the s0O3 and H' concentrations are lowered by oxidation and neutralization,
respectively, the system will seek to reestablish equilibrium by allowing more

sulfite and hydrogen ions to form. This results in greater SO, removal.

The pH in the JUBR is controlled by the addition of limestone. The pH generally

remains fairly uniform throughout the JBR due to mixing by both oxidation air and
the agitator. At Scholz the overflow stream pH was recorded in the CT-121 system
control room, and the operator manually adjusted the rate of limestone fed to the

JBR to respond to changes in pH.

The effect of CaC0O3 dissolution can be represented by the following set of

reactions:
H20 _
CcaCos(s) 2 cCacCoslag) Z catt + co3 (3-2)
Co3 + HT 2 HCO3 (3-3)
HCO3 + HY 2 H2CO3 2 H20 + CO2(g) (3-4)

Egs. 3-3 and 3-4 involve the neutralization of the hydrogen ions that are present.
As CaCO3 is added to an acidic slurry, the CaCO; dissolves and the CO3 ion acts as
a proton acceptor and tends to raise the pH. At sufficiently low pH's the equilib-
rium is shifted in favor of the HyCOj3; species and most of the solid phase CaCOj
dissolves. As a result, the pH is very sensitive to the amount of CaC0O3 solids
added. As additional CaC0O3 solids are added, the pH rises and the HCO3 and CO?
concentrations increase. If enough CaC03 solids are added, the liquid phase
becomes buffered by the carbonate-bicarbonate-~-carbonic acid shifts, and the effect
of CaCO3 solids addition on pH is diminished. Any further addition of limestone
solids does not raise the pH or increase the SO, removal capability. As a result,
the limestone utilization decreases substantially. Below pH's of 5.0, however, the
utilization increases to near 100 percent. This is due to the increased limestone

solubility as the bicarbonate ion becomes the predominant specie.



Sulfite Oxidation

Although operation at a low pH allows the system to operate with good limestone

utilization, acidic pH's usually result in decreased SOz removal efficiency because
the H»2S03 concentration increases rapidly. The CT-121 system maintains the driving
force for S0, absorption at a low pH by oxidizing the dissolved sulfite to sulfate.

The oxidation reaction is enhanced by the low pH.

Oxidation air was added through sparger rings located in the cone-shaped bottom
section of the JBR. The air is mixed throughout the tank both by action of the
rising air itself and the agitator-draft tube system in the center of the JBR.

This mixing action ensures that the remaining unoxidized sulfite absorbed in the
froth layer is dispersed throughout the tank and oxidized. The mixing also ensures
that liquor that is lower in dissolved sulfite is continually recycled to the froth

layer so that the driving force for SOz removal is maintained.

The oxidation air in the prototype system is supplied from a two-stage compressor
which was part of the original CT-101 system at Scholz. This compressor is over-
designed for the needs of the CT-121 system. As such, the second stage of the

compressor was used to throttle the air from 18 to about 13 psig.

The air is introduced into the JBR through four sparger rings. Two-thirds to three-
fourths of the air was normally introduced at the bottom of the outer edge of the
draft tube. The remainder is injected through the three inner rings. The maxXimum
air flow rate employed during the program was about 1800 scfm. Normal operation
usually ranged between 1000 and 1300 scfm which resulted in stoichiometries of
between 4 and 12 atoms of oxygen per molecule of SOz absorbed, depending on the $O»

concentration in the flue gas, the gas flow, and the percentage removal.

Gypsum Crystallization

Oxidation of sulfite to sulfate and neutralization with limestone results in super-
saturation with respect to gypsum (CaSO4*2H;0) and subsequent precipitation of

gypsum solids as shown in Eg. 3-5.

catt(aq) + SOE (ag) + 2H20 Z CaSO4*2H20(s) (3-5)

3-11



One key to operating a reliable limestone FGD system is controlling the gypsum
relative saturation level below the point where the onset of scaling occurs. In
order to minimize the possibility of gypsum scaling, Chiyoda designed the CT-121
prototype system to operate with a large reaction volume and a relatively high
suspended solids inventory. This results in a relatively long solids retention

time.

The JBR volume in the prototype system is about 31,000 gallons. Although the JBR
is well mixed by mechanical agitation and by air injection, some stratification of
solids occurs due to the high settling rates which result from the formation of

relatively large gypsum crystals. The underflow solids typically ranged from 15-

25 weight percent while the overflow was between 6-12 weight percent solids.

Once the reaction volume has been selected, the other variable for scale prevention
in the CT-121 system is the percent solids. During the test program, the solids
content in the underflow was monitored continually and recorded on an hourly basis
by CT-121 system operators and controlled by adjusting the JBR underflow stream flow
rate [normally 6 to 25 gpm (23-95 %£pm)] to the gypsum tank. The set point for the
solids in the underflow was determined by the relationship between the solids con-
tent in the overflow and in the underflow. Chiyoda‘'s objective was to maintain the
solids in the froth zone at a sufficiently high concentration to reduce the chances

of scaling in the area where the maximum gypsum relative saturation occurs.

Because the liquor in the upper portion of the JBR has a lower solids concentration,
a second line from just below the froth layer to the gypsum tank was used at times
to control the JBR water balance without depleting the solids inventory in the JBR.
This line was employed primarily when the liquor feed rate from the prescrubber loop
exceeded the withdrawal rate from the JBR underflow. Otherwise, when the underflow
rate was increased to balance the water levels, the solids inventory would be

lowered.

Summary of JBR Concept

In summary, the JBR performs four functions which are accomplished in at least

two vessels in most limestone systems. These are:
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) SO, removal,

° limestone dissolution and pH control,
) neutralization and sulfite oxidation, and
° gypsum desupersaturation and crystal growth.

The JBR sparges the flue gas into the slurry to achieve SOz transfer. This elimi-
nates large recirculation pumps because there is no slurry recycle stream. The
liqguid film resistance to mass transfer is also reduced since the liquid surface

is continually renewed as the gas passes upward.

Neutralization of sulfurocus acid is accomplished by limestone addition. The pH is
acidic so that high limestone utilization is possible. As a result, the pH in the
JBR 1is responsive to changes in limestone flow. Limestone dissolution provides the

calcium required for gypsum precipitétion.

The relatively low pH also enhances the oxidation reaction. Oxidation air is intro-
duced to the JBR in the cone-shaped bottom. The mixing provided by oxidation air
and the flow pattern created by the agitator and draft tube ensure that oxidation
and crystallization can occur throughout the JBR. The mixing also ensures that

liquor low in sulfite is contimuously sent to the froth layer to enhance SO; removal.

LIMESTONE ADDITION SYSTEM

The limestone addition system consists of a silo for powdered limestone storage, a
slurry tank beneath the silo, and a slurry feed system. A schematic of the lime-

stone addition system is shown in Figure 3-5.

Powdered limestone is delivered to the Scholz site via truck and blown into the
silo with compressed air. The silo can hold enough limestone for one to two weeks
operation (about 200 tons). The silo is pulsed with dry compressed air periodically

to minimize bridging and compaction problems.

Limestone powder is fed into the limestone slurry tank by a rotary feeder. The
CT-121 operator can control the limestone solids addition by manually setting the

speed of the rotary feeder.
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Makeup liquor for limestone slurrying is normally provided from the JBR overflow
stream which drains by gravity to the limestone slurry tank. Pond return liquor
or fresh makeup water may also be used for slurry liquor on an as needed basis.

An agitator keeps the slurry well mixed. As shown in Figure 3-5, the limestone
tank has a level controller which automatically sets the rate of addition of pond
return water to the JBR. When the level in the limestone tank begins dropping,

the pond water flow rate to the JBR is increased. This in turn increases the over-

flow rate and raises the slurry level in the limestone tank.

Limestone slurry is pumped to the JBR for addition to the froth layer or the liquid
layer by using either of two sets of feed pipes. A control valve is used to set the
actual limestone rate into the JBR. The remainder of the limestone/gypsum slurry is
recirculated to the limestone slurry tank. This recirculation system is used to

minimize the chances of plugging, particularly under low flow conditions.

The CT-121 system operator can respond to JBR overflow pH changes in two ways.
First, for a quick pH response, the limestone slurry flow rate to the JBR can be
changed. The operator may also alter the rotary feeder rate which will change the
limestone solids inventory in the limestone tank and therefore in the limestone
slurry stream. Generally, the operator will alter the slurry feed rate to respond
to short term changes in flue gas SO2 concentration and will change the rotary
feeder rate only if the change in the SO» concentration appears to be of longer

duration. This is of course necessary to keep the pH constant in the JBR.

GYPSUM DISPOSAL SYSTEM

Slurry from the JBR was pumped to the gypsum slurry transfer tank before final
disposal. For most of the program, the JBR underflow was the only source of gypsum
slurry. A portion of the JBR underflow is pumped to the gypsum tank through a
recirculation system which is similar to the limestone recirculation system. The
feed rate to the gypsum tank is set to maintain the desired JBR solids concentra-
tion. The solids concentration in the JBR underflow is controlled by CT-121 proto-
type operators by varying the withdrawal rate. The remainder of the JBR overflow

is recycled back to the JBR.

At times during the program, gypsum slurry from immediately below the froth layer
was fed by gravity to the gypsum tank. As discussed previously, this line was
employed to satisfy both water balance and solids inventory requirements in the

JBR. A valve was adjusted manually to control this flow.



The pH of the slurry in the gypsum tank was raised to about 6 by adding limestone
slurry. This was done primarily for environmental reasons because laboratory work
indicated that FGD gypsum should stack equally well with an acidic pore fluid. The
operator of the prototype system had no means of continuously monitoring this pH
since demonstration of this portion of the process was not an objective of the
program. The limestone flow was therefore very approximate and does not represent

optimum limestone utilization.

The slurry in the gypsum tank is diluted to 5-10 weight percent by pond watef¥ or
prescrubber liquor to prevent solids settling in the line to the gypsum stack area.
Once in the gypsum stack, the gypsum settles within the dikes of the stack. Stack-
ing simulations in the laboratory indicated that the deposited gypsum had an initial
solids content of 70-75 percent. This increased to 85 percent after sedimentation.
The liquor is decanted to a separate pond from which it is pumped to the pond water
recycle tank and reused in the system. This pond normally contains about 500,000
gallons (1900 m®). The details of the gypsum stack operation will be discussed in

a separate report by Ardaman and Associates (7).

During the final phase of testing in which Chiyoda funded some of their own tests,
a high speed Bird-Young vacuum filter was tested for solid-liquid separation effi-
ciency. After these tests, the gypsum cake was reslurried and sent to the gypsum

tank before being pumped to the stack.

MIST ELIMINATOR OPERATION

The mist eliminator in the CT-121 prototype system consists of two banks of plastic
chevron blades in the horizontal duct between the JBR and the stack. Both banks of
chevrons have sections which were damaged by high temperatures during previous oper-

ation of the CT-101 system.

The wash system consists of 4 headers and 12 nozzles. Two headers with 3 nozzles
on each header are used to wash each mist eliminator bank. Because the superficial
gas velocity in the gas-liquid disengaging chamber is low [l to 2 feet per second
(.3-.6 m/s)], minimum slurry is entrained in the gas and the wash requirements are
low. Generally, the mist eliminators were washed with about 300 gpm (1140 fpm) of
pond water for one minute once per week. Frequency of washing at times dropped to
once every two weeks or less. The liquor and the s¢lids cleaned from the mist elim-
inator were inadvertently drained to the pond water tank during the demonstration

program, but created no problems.
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Section 4

TEST PLAN DESCRIPTION

The objective of the test program was to evaluate the CT-121 system at both design

steady-state conditions and non-optimum operating conditions. There were four test

phases during the evaluation, each of which are discussed in this section:

. Phase 0 - Two month initial operating period

. Phase I - Two month baseline test at Chiyoda
operating conditions

° Phase II - Four months of parametric test to
sensitivity to variable operation

. Phase III - Chiyoda testing to modifications

by Chiyoda
specified
determine system
conditions

to JBR internals

Phase O was the initial shakedown period when only Chiyoda personnel were present.

Originally, only Phases I and II were planned by EPRI and SCS for evaluation pur-

poses. However, at the end of this six month testing period, Chiyoda modified the

internals of the JBR and performed an additional test series of one month duration

which EPRI, SCS, and Radian were invited to observe.

Table 4-1 summarizes the parameters which were of interest during the test program.

In addition, stressed and unstressed corrosion coupons

were placed in several loca-

tions. The unstressed coupons were located in the following positions:

° prescrubber liquor (slipstream)
. prescrubber outlet gas duct

. JBR overflow slurry

] JBR outlet gas chamber

° gas stack

Stressed coupons were placed in each of the same locations except the gas stack.

The metals tested and the results are discussed in Section 5.



Control
Variables

e pH (limestone
stoichiometry)

e AP
e Percent solids

e Oxidation air
rate

Table 4-1

PROCESS AND PERFORMANCE VARIABLES OF INTEREST
IN CT-121 DEMONSTRATION PROGRAM

Uncontrolled
Process Variables

e Inlet SO2 and particu-
late concentrations

e Liquor soluble spigies
cogcentration (Mg
Na , Cl )

e Boiler load (flue gas*
flow and composition)

Performance
Parameters

SO; removal efficiency
Sulfite oxidation rate
Gypsum quality

Chemical scaling
potential

Mechanical or process
failures (especially
those related to .the JBR)

Limestone utilization

*At Scholz the flue gas flow could be controlled by the CT-121 system operator.

The test conditions for the three test phases after the Chiyoda shakedown are
summarized in Table 4-2. The order of the tests was somewhat different from that
originally planned. For instance, the low solids and low air tests were run with
the lower SO2 concentrations because the delivery of the high sulfur coal and the
SO, spiking equipment was delayed. Additionally, a boiler load test was repeated
with low sulfur coal in Phase II due to the late arrival of the high sulfur coal.
Likewise, the chloride spiking test preceeded the particulate testing rather than
being the last test in the program because approval from the Florida Department of
Environmental Resources for testing with the precipitators de-energized was delayed.
None of these alterations in the test sequence affected the results of the evalua-

tion of the CT-121 prototype system's performance however.

PHASE O

Phase O incorporated the mechanical testing, start-up and shakedown of the system.
Chiyoda carried out this phase of the evaluation program prior to the Radian test
crew moving onsite. Reconditioned piping, duct work, valves, pumps, and vessels
or tanks that had been used in the prior CT-101 demonstration as well as new equip-
ment installed for the CT-121 demonstration were checked for leaks and other mal-

functions. All instruments and controls were also tested.



SUMMARY OF PROGRAM

Table 4-2

TEST OBJECTIVES AND OPERATING CONDITIONS

Weir Heighta Air Rate Total
Date Test Objective Process Set Points pH (inches) {scim) Test Hours

11-15-78/ Phase I - Reliability and operability demonstra- Held constant during period 3.5 11 1350 1368

1-9-78 tion period

1-10/1-15 Simulate following boiler load Vary gas flow according to boiler MW 3.5 il 1350 120

1-17/1-20 shutdown - Inspection, Phase II

1-22/2-28 Determine effect of process variables on SO2 vary pH, weir, air, and limestone size 2.7-4.3 7-12 1000~-1350 388
removal

3-2,5 Determine scaling potential with low suspended Lower suspended solids concentrations 3.5-4.3 16
solids at medium and high pH

3-7,8 Determine minimum air requirement for mixing Lower air flow 3.5 1G.5 varies 16
and oxidation

3-12 Shutdown - Inspection, repair venturi nozzle

3-15,16 Simulate following boiler load vary gas flow according to boiler Mw 3.5 10.5 1340 48

3-19/3-31 Chiyoda optimization on high sulfur coal Vary parameters to determine effect on 2.7-4.3 8,13 1300-1800 288

higher S0; levels

4-2/4-6 Ninety percent removal demonstration on high SO2 3.5 12 1530 96

4-6/4-11 Determine effect of pH on gypsum relative Vary pH, weir to obtain same removal 2.7-4.3 12.5,8 1530 120
saturation

4-11/4-15 Obtain high percentage removal High weir, pH setting 4.3 18 1530 96

4-15,16 Determine removal versus pH at constant weir Vary pH 2.7-4.8 11.5 1530 48
height

4-18B,19,20 CObserve performance at low weir heights vary pH, weir height 3.6-4.8 5,6,9 1530 72

4-23/4-27 Observe effect of high chloride cancentration 6000 ppm Cl™ 3.5 11.5 1530 96

5-1,2 Determine effect of low air/no air to JBR lower air rate and then stop it 3.5 11.5 1200-0 16

5-3 Observe effect of stopped agitator on JBR Stop and reverse agitator direction .1

5-7/5-14 Determine particulate and trace element removal Deenergize ESP's 3.5 11.5 1000 168
capability of system

5-15/5-22 Observe removal behavior with 3000 ppm S0z Spike SOz to 3000 ppm 3.5-4.8 10-15 1000-1800 168

5-22 End of Phase II

5-23,24 Baseline run for Phase III 4.3 10 1000 48

5-25/6-8 Shutdown - JBR modifications

6-8/6-14 Determine effect of JBR modifications on per- Same as baseline 4.3 10 1000 144
formance

6-14/6-16 Observe high pH operation PH up to 5.8 3.5-5.8 10 1000 48

6-17 Observe low air rate effect 4.8 io 525 24

6-18/6-20 Test spray tower saturator concept Operate without prescrubber recycle pump 4.8 10 1070 72

6-20/6-28 Produce solids for vacuum filter testing 4.5 13 1580 192

6-29 Final shutdown and inspection

3Multiply x 25.4 to obtain millimeters.



After mechanical testing Chiyoda started the system and began shakedown of the
various subsystems. The JBR was spiked with gypsum seed crystals from the CT-101
program and fresh water prior to startup. After flue gas and oxidation air flows
were established, the system pH was slowly increased from an initial point of about
2.5. This low pH was desirable on startup to maintain low SOz removal and, there-
fore, low relative saturations. The solids concentration in the JBR increased

slowly until the proper operating level was reached.

Chiyoda planned to conduct several tests at different weir settings and raised
the pH up to 4.0. For the most part, however, Phase O operation was at steady-
state conditions. At the conclusion of the Phase O period, the sixth month test

period (Phases I and II) planned by EPRI and SCS was begun.

PHASE I

The objective of Phase I was to measure the performance of the CT-121 system at
Chiyoda specified operating conditions. Operating conditions were selected that
were expected to achieve about 90 percent removal from a flue gas containing 1000
to 1400 ppm of SO». The Chiyoda specified Phase I set points are shown in Table
4-3,

Table 4-3

CHIYODA SPECIFIED PHASE 1 OPERATING CONDITIONS

pH 3.5

JBR AP 11 inch weir setting (280 mm)

JBR Underflow Solids 17 weight percent *2

Limestone Size 90 percent <325 mesh

Flue Gas SOz Content 1000-1400 ppm (as received from the
generating unit)

Gas Flow Rate 45,000 scfm

Oxidation Air Flow Rate 1300 scfm

During Phase I, the effect of normal process fluctuations on system performance
were monitored. The magnitude of routine variations was noted and particular
attention was paid to the effort the operators had to expend to maintain stable
operating conditions. Observing the degree of operator attentiveness to process

operation was also an objective in Phase I and throughout the program.



In addition to monitoring routine steady-state operation, the CT-121 system's
response to simulated boiler load changes was measured. Since the CT-121 prototype
system was designed to accept only one-half of the flue gas from one unit operating
at full load, the CT-121 system was not affected until the load dropped below one-
half. Normally, the boilers only operated at half-load or less at night and during
the weekends. Consequently, boiler load swings were simulated by varying the inlet
gas damper openings. Variation in the damper opening changed the gas flow resulting
in a corresponding change in the amperage required for the scrubber fan. Every two
hours the CT-121 operator would obtain the boiler megawatt output from the unit
operator and then adjust the damper opening until the proper scrubber fan amperage
for a given load was attained as shown in Figure 4-1. Using this procedure, the
CT-121 system's responsiveness to boiler load and flue gas flow changes were esti-

mated.

One final aspect of the Phase I evaluation involved monitoring changes in the process
chemistry and equipment performance which might be indicative of long-term system
reliability. It is obvious, however, that operation at specified control variable

set points for two is not sufficient to determine long term system reliability.

PHASE II

The objective of Phase II was to determine the sensitivity of the CT-121 process to
changes in system operating conditions which might normally be encountered in a

utility application. Two types of variables of interest were:
o process control variables

. site specific variables which are not normally under the control
of the scrubber operator

Perturbations of the process control set points specified during Phase II were made.
By changing the JBR pH, JBR underflow solids content, oxidation air rate, and JBR
AP, variable changes due to process upset or operator inattention can be simulated
and the system's response to these changes can be evaluated. By changing the lime-
stone particle size and source, SOz concentration, coal, and the chloride level,

several site-specific factors can be investigated also.

The control variables which change most frequently and rapidly are the JBR pH and
the JBR underflow solids concentration. The pH can change dramatically in a matter

of minutes if the limestone feed is not regulated properly. The solids loading may
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change also if the solids withdrawal rate does not balance the solids production
rate or if an agitator or air compressor should fail. Both pH and solids concen-
tration can have a marked impact on the performance of the CT-121 system. It was
therefore appropriate to define the envelope within which the CT-121 system can

operate without the onset of major operating problems.

Two variables which are not expected to change as often are the oxidation air rate
and the limestone particle size. The main cause for changes in these variables
would be malfunctions in the compressor or limestone grinder systems. The extent
to which the air rate could be reduced (due to partial compressor failure in a
commercial system for instance) with the system remaining operable was of interest.
Operation under several different oxidation air flow conditions were evaluated
during the program. It was also desirable to examine the effect of limestone par-
ticle size so that the extent of limestone grinding could be optimized in commer-
cial systems. Since no limestone grinding was performed on site, limestones from
two sources were tested: (1) a 90 percent less than 325 mesh from Georgia Marble
Company in Sylacauga, Alabama, and, (2) a 90 percent less than 200 mesh from

Southern Materials Company in Ocala, Florida.

The JBR AP is another important variable which could be altered in the prototype
system by adjusting the overflow weir height. Tests at several AP's were made to
document the effects of the gas side pressure drop on system operation and perfor-

mance.

In addition to measuring the system's response to changes in process control vari-
ables, it was also desirable to determine the manner in which the CT-121 process
responded to changes in certain site-specific variables which are not as easily
controlled. Major variables of concern include the coal composition (which influ-
ences flue gas SOz and HCl concentrations and particulate loading) and the degree
of particulate removal upstream of the JBR. The limestone composition and size may
also be considered a site specific variable although the compositions of the two
limestones tested did not differ substantially. Because these site-specific vari-
ables would be considered in designing a new CT-121 system, a number of tests were

conducted to evaluate the CT-121 system over a range of conditions.

In order to gain the maximum information during a short time period and to screen
variable effects so that additional testing with the more important variables could
be conducted, a test matrix was set up to measure the impact of pH, AP, oxidation

air rate, and limestone particle size. It was originally planned that the flue



gas S0z content and the JBR solids concentration would be included in this test
matrix. However, a higher sulfur coal could not be obtained in the time frame
required. In addition, Chiyoda expressed concern over changing the JBR overflow
solids set point and operating the system for significant periods of time at low
solids levels with minimum supervision such as on the swing and night shifts. At
low solids loading Chiyoda was concerned that the solids concentration in the froth
zone would be low enough that gypsum scaling might occur. For these reasons, the
effects of higher flue gas SOz concentrations and lower JBR solids inventories were

investigated in separate single variable tests.

The variable set points for the test matrix conducted in Phase II are shown in
Table 4-4. Tests A through I represent a half-factorial test design. The main
advantage of such a test matrix over changing each variable one at a time is that
variable interactions as well as individual variable effects can be measured.
Table 4-5 indicates how this statistical design was used to develop the specific
test program shown in Table 4-4. Tests A-1l and I~1 were added so that the impact
of the individual variables could be examined on a preliminary basis prior to the

full data reduction and statistical analysis.

The main variable effects can be measured by comparing the runs with the high set
points with those runs with low set points. For instance, the effect of limestone
size on SO» removal can be measured by comparing the removal efficiency in Tests
A-D with efficiencies in Tests F-I. The test design is such that other variable
effects should cancel when these test groups are compared. However, this canceling
effect occurs only if the conditions specified are reproduced throughout the test

series.

In addition to analyzing the main effect of each variable, some information about
the two-variable interactions was also gathered in this test series. 1In this case,
there is some confounding (one variable effect or interaction cannot be separated
from others) of the two-factor interactions since only a half test replicate was
possible due to time constraints. However, an attempt to minimize the effects of
this confounding was made by combining the interactions which should have minimal
effect with interactions which have a higher probability of being important. For
example, the interaction of AP and pH (AP*pH) is confounded with the interaction of
air rate and limestone type (air*limestone). It was expected that the AP*pH inter-
action might have more of an effect on SO; removal than the air*limestone inter-
action. However, no statistical confirmation of this judgement is possible from

the results of the test matrix shown in Table 4-4.



Table 4-4

HALF FACTORIAL TEST CONDITIONS FOR PHASE II

Weir Height* Air Flow
Test pH (inches) (scfm) Limestone Size
Phase I 3.5 11 1350 90% < 325 mesh
A-1 4.3(+) 12 (+) 1350 (+) 90% < 325 mesh (+)
A 4.3(+) 12 (+) 1000(-) 90% <325 mesh (+)
B 2.7(=) 12 (+) 1350 (+) 90% < 325 mesh “(+)
C 4.3(+) 7(=) 1350 (+) 90% < 325 mesh (+)
D 2.7(-) 7(-) 1000 (-) 90% < 325 mesh (+)
E** 3.5 11 1350 90% < 325 mesh
F 4.3(+) 12(+) 1350 (+) 90% <200 mesh (=)
G 2.7(=) 12(+) 1000 (=) 90% <200 mesh (-)
H 4.3(+) 7(=) 1000(-) 90% <200 mesh (-)
I 2.7(=) 7(-) 1350 (+) 90% <200 mesh (~)
I-1 2.7(-) 7(-) 1000(-) 90% <200 mesh (-)

*Multiply by 25.4 to obtain millimeters
**Phase I set points

+Above Phase I set point

-Below Phase I set point

To make the statistical testing meaningful, at least two criteria had to be

satisfied. First, the duration of each test had to be long enough to ensure
that the data collected were representative of steady-state operation at the
specific test conditions. Secondly, the appropriate data had to be gathered

to properly evaluate the process' response to the variable changes.

In addition to the statistical test series which defined the effects of many
of the control variables, a test was conducted to quantify the impact of JBR

slurry solids content on system performance.

Chiyoda's operating philosophy includes continuous monitoring of the percent
solids in the JBR slurry. Therefore, it was felt that a long term deviation

in the solids concentration would not occur in actual commercial operation.
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Table 4-5

VARIABLE EFFECTS EVALUATED IN PHASE II STATISTICAL TESTS

Main Effects

Two-Factor Interactions

Note: Confounded two-factor interactions
1) pH*Limestone/AP*Air
2) Ap*pH/Air*Limestone
3) pH*Air/AP*Limestone

*Test E was a repeat of Phase I set points and was not included in the test matrix

+Above Phase * set point

-Below Phase I set point

Test* AP pH Air Limestone AP*pH Air*Limestone Ap*air pH*Limestone AP*Limestone  pH*Air
A + + - + + - - + + -
B + - + + - + + - + -
C - + + + - + - + - +
D - - - + + - + - - +
F + + + - + - + - - +
G + - - - - + - + - +
H - + - - - - + - + -
I - - + - + - - + + -



However, several factors such as operator inattention, opening of the wrong
valves, agitator failure, etc., could result in short term deviations from the
percent solids set point. Two day-long tests were planned and conducted to ob-
serve any impact of lower solids levels on the system performance. Also, supple-
mental low air tests were conducted based on the results of the test matrdix.

Since the air rates originally tested had no major impact on system performance,
air rates below 1000 scfm were examined. This included a short duration "failure"

test in which the air was shut off.

In addition to the variables which may be considered control variables, several

of the more important site specific variables were tested or monitored including:

° S0, flue gas concentration {(or S in coal)

° soluble chloride concentration (or Cl in coal)
. fly ash loading

° plant water balance (rainfall/evaporation)

Two different coals were tested. One was a nominal 1.8 percent sulfur, 11 per-
cent ash coal which resulted in an SOy content of 1000-1400 ppm in the flue gas.
This coal came from the Alabama Byproduct Company Maxine Mine, America seam, and
was used in Phase I and the initial portion of Phase II. The second coal was a
nominal 3.2 percent sulfur, 11 percent ash coal which resulted in flue gas SO
levels of between 1700 and 2400 ppm. This coal came from Hallmark Mines in
Sipsey, Alabama, the Jefferson seam, and was used through the latter stages of
Phase II and during Phase III. In addition, the flue gas SO; concentration was
raised as high as 3500 ppm by spiking with liquid SO; during the final week in
Phase II. A number of different pH and AP tests were conducted at various SO;

concentrations.

Another variable in an FGD system which is dependent on the coal composition is
the soluble chloride level resulting from sorption of HC1l in the flue gas.
Moderate chloride levels in the coal were simulated by spiking the system with

CaCl, to attain chloride levels of 6000 ppm.

The fly ash loading can also vary widely depending on the coal ash content and
the level of removal achieved upstream of the CT-121 system. It was therefore

desirable to run the CT-121 system at more than one flue gas particulate loading.



As stated in the system description, the Scholz plant has high efficient
electrostatic precipitators upstream of the CT-121 prototype system. These were
totally de-energized to test the impact of higher fly ash loadings on system
operation. This test also provided EPRI with information of a generic nature

on the fate of fine particulates and trace elements in limestone FGD systems.

Unfortunately, the CT-121 prototype system included a venturi quench system
which will probably not be included in commercial systems. The venturi could
not be removed from service due to constraints on operating temperatures on the
downstream lining and duct materials. In addition, the cost of adding a spray
quench and wash down system in the JBR gas inlet chamber was prohibitive. The
particulate tests were therefore conducted under normal operating conditions
with the venturi in service. As a result, the particulate removal capability of
a quench/JBR configuration could not be measured. It was possible, however, to
route all of the fly ash solids collected in the venturi system to the JBR. The
presence of fly ash in the JBR froth layer somewhat simulated using the JBR for

particulate removal or carry-over from a quench tower upstream of the JBR.

The amount of rainfall can also vary from site to site and may affect the system's
water balance if ponds or gypsum stacks are employed. The net precipitation and

liguor discharged from the prototype system were monitored throughout the program
to define the impact of rainfall in the Sneads area so that water balance extrapo-

lations might be made to other locations in the U.S.

PHASE III

Phase III testing was not part of the original EPRI-SCS evaluation program. Dur-
ing Phase II, Chiyoda decided to test some internal JBR modifications. EPRI was
invited to observe, and Radian as a representative of EPRI and SCS remained on
site during Phase III. Radian's level of involvement was reduced to a sampling
and observation effort during this phase since the actual test conditions were

set by Chiyoda.

Chiyoda's main objectives in Phase III were:

. to evaluate the possibility of reducing the complexity and size
of the JBR,



. to investigate the possibility of operating the JBR with a
spray quencher rather than a venturi, and

. to compare a vacuum filter for solid-liquid separation to the
gypsum stack.

Chiyoda first blocked some of the flue gas spargers and risers so that more flue
gas passed through the remaining spargers. As a result, the gas velocity and
pressure drop through each sparger increased. In addition, Chiyoda reduced the
liquor pumped to the venturi throat by turning the recirculation pumps off so
that only about 55 gallons per minute (208 fpm) of liquor were contacted with the
gas during a portion of the Phase III testing. The resultant L/G was about 1
gallon/1000 scf. Although this is about three times the theoretical amount re-
quired for adiabatic saturation, it is only about one tenth the normal operating
L/G used previously in the venturi and may be close to that used in a spray
quench system. Chiyoda sought indications of possible problems which might be
encountered when using a spray quenching system. Testing was also performed to

determine the suitability of vacuum filtration for separation of CT-121 produced

gypsum.
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Section 5

RESULTS AND DISCUSSION

As discussed in Section 4, the CT-121 evaluation program was divided into four

test phases:

. Phase O - Chiyoda startup and shakedown operation

° Phase I - Baseline testing at Chiyoda specified conditions

° Phase II - Evaluation of system response to variable perturbations
. Phase III - Chiyoda testing with modified JBR internals

A discussion of the significant test results from each phase is presented in this
section. A summary of the mechanical and instrumentation experience gained through-

out the program follows the discussion of the test results.

To facilitate a more concise discussion, much of the detailed data are presented
in the appendices. For instance, detailed operating data plots are provided in
Appendix A. These plots give an indication of the variations in flue gas flow,
SO, concentrations, SO; removal efficiency, SO2 pickup rate, JBR slurry solids
content, JBR overflow pH, JBR AP, JBR liquor dissolved solids, and gypsum relative
saturations which occurred throughout the test program. Appendix B includes the
analytical data generated during the program and Appendix C discusses the sampling
and analytical procedures. Detailed results such as these will be referred to or

summarized in this section where appropriate.

PHASE O TEST RESULTS

During Phase 0, Chiyoda started operation of the prototype system and checked system
performance over a range of operating variables. Although Radian was not on site
during this period, Chiyoda has allowed operating data from Phase 0 to be included
in this report (Appendix A). Chiyoda reported few operating problems and little
downtime. The only major outage was caused by a bearing failure in the oxidation
air compressor which was also used in the CT-101 demonstration. The performance
parameters of the prototype in Phase O are included in the comments on mechanical

and instrumentation experience which appear later in Section 5.



PHASE I TEST RESULTS

As stated in Section 4, the objectives of Phase I were (1) to demonstrate that the
CT-121 system could achieve 90 percent SO removal with minimal operating problems

and (2) to provide baseline data for comparison with Phase II test results.

The control set points for this phase were based on Chiyoda's esperience with their
pilot unit in Japan and on about two months operating experience with the prototype

unit in Phase 0. The control variable set points for Phase I are listed below:
JBR AP - 11.5 inches H;0 (2,88 kPa)
Overflow weir height - 11 inches (27.9 cm)
JBR overflow pH - 3.5
Oxidation air flow - 1300 scfm (0.61 Nm3/s)
Flue gas flow - full load conditions

JBR underflow solids content - 17 weight percent

Process control was easily maintained throughout Phase I with a minimum of operator
attention. As would be expected, there were some fluctuations in the operating
conditions. For instance, the JBR pressure drop varied between 10.9 and 11.9 inches
of water (27.7 to 30.2 cm water). The extremes in JBR overflow pH recorded in Phase
I were 2.9 and 4.0, but the majority of pH readings were between 3.3 and 3.7. The
flue gas flow rate varied between 41,000 and 49,000 scfm (69,600 to 83,200 Nma/hr)
when the system was being operated under full load conditions. These flows were
determined by manual measurements performed by Radian because the annubar for on-

line flue gas flow measurement was out of service for most of Phase I.

The coal used in Phase I had a higher heating value of about 12,600 Btu/lb (29,400
J/g), an ash content of about 1l weight percent, and a sulfur content varying
between 1.3 and 3.5 weight percent. Combustion of this coal resulted in a flue gas
with an S02 concentration of 850 to 1500 ppm. The discrepancy between the sulfur
content of different cars of coal and the SOz content of the flue gas is probably
due to coal pile mixing. 1In Phase I, the limestone, obtained from Georgia Marble

in Sylacauga, Alabama, contained about 98 weight percent calcium carbonate.

The CT-121 prototype performed well in Phase I tests. The daily average S0O; removal
percentage based on an arithmetic average of 24 hourly readings ranged from 89 to

95 percent. An average of 92 percent was obtained for the total Phase I test period.



The minimum and maximum in hourly readings were 80 and 97 percent SO» removal effi-
ciency although the majority of the data were in the range of 90 to 95 percent SOz
removal. Complete oxidation of the sorbed SO; to sulfate was observed, and no sul-
fite solids were detected. The low pH necessary for complete oxidation also pro-
duced excellent limestone utilization, 98,3 percent for the JBR and 97.5 percent
around the overall system for the total Phase I test duration. These analytical
results are supported by material balances for the gas phase SO removal rate, the
limestone consumption, and the gypsum production rate. BAnalyses of the JBR slurry
streams revealed no gypsum scaling tendency in the liquor. The gypsum crystals
formed were very large and easy to dewatexr. Variable boiler load tests conducted
at the end of Phase I revealed that the JBR slurry pH and SO; removal efficiency
quickly returned to specified conditions following changes in the flue gas flow rate.
Lastly, the system water balance was open loop during Phase I due to unexpected

freezing weather and heavy rains.

Seven topics of interest are addressed in more detail in the following summary of

Phase I results:

[ S0; removal

. Sulfite oxidation

. Limestone utilization

. System material balances

. Gypsum crystal structure and scaling potential

. Variable boiler load

) System water balance

SO; Removal

The daily average SOz removal consistently ranged from 90 to 95 percent during Phase
I testing at the Chiyoda-specified set points. Only two days, January 9 and 16,

had average removals below 90 percent with the average being 89 percent in both
cases. The average SO, removal efficiency for the cumulative Phase I testing was

92 percent which corresponded to an average pickup rate of 50 gram moles of SO; per

minute.

The ranges and daily averages of the inlet and outlet flue gas SO2 compositions and
removal efficiencies for Phase I are plotted on Figures 5-1, 5-2, and 5-3. These

summary data were obtained from on-line DuPont S0; analyzer readings which were
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taken hourly during the program. The SOz removal data and other gas phase data are

given in Appendix A in Figures A-4 through A-21.

Due to fluctuations in control variables such as pH and uncontrolled variables such
as inlet SO2 concentrations, the hourly SOz removal ranged from a high of about 97
percent on November 21 to a low of 80 percent on January 16. The 80 percent removal

can be attributed in part to a low pH of 2.9 in the JBR on that day.

Sulfite Oxidation

Essentially complete oxidation of sulfite to sulfate was achieved during Phase I.
Analysis of the JBR slurry indicated that no calcium sulfite solids and only very
low levels of soluble sulfite were present. This is to be expected because at a

pH below 5.0, the predominant sulfite species are HSO3 and H2S03 and solid phase
calcium sulfite is not formed. The stoichiometric ratios of oxygen to sorbed SO
were about 10 to 13 during Phase I. At these high ratios, soluble sulfite was
effectively oxidized to sulfate in the bulk liquor of the JBR. Only occasionally
was sulfite in the JBR overflow measured above the detection limit of the analytical
sulfite method (0.1 millimole per liter or 8 mg/%). The complete analytical results

are presented in Appendix B.

The low soluble sulfite levels present in the JBR during Phase I maintained a high
driving force for SOz sorption in spite of the relatively low pH. A 3.5 pH overflow
slurry containing less than 8 mg/% of liquid phase sulfite has an equilibrium SOz
partial pressure of less than 1 ppmv (as determined from the Radian agueous inor-
ganic equilibrium model). The liguid phase sulfite concentration measured in the
JBR liquors during Phase I was routinely below this 8 mg/% level. This indicates
that the driving force for S0, absorption was quite high during Phase I. However,
it should also be noted that this judgment concerning the driving force is based

on overflow slurry stream measurements which are actually average concentrations

for the entire slurry surface layer in the JBR. The localized instantaneous driving
force in the froth layer where the SOz sorption occurs may differ somewhat from that
determined for the overflow slurry, but no reliable methods existed for obtaining

a representative sample from the froth layer.

Limestone Utilization

Limestone utilization was excellent during Phase I. Based on the direct measurement

of the solid phase carbonate, limestone utilization (molar ratio of solid phase



carbonate to solid phase calcium) averaged 98.3 percent in the JBR and 97.5 percent
around the prototype CT-121 system. These results were supported by material

balances which closed to within 5 percent. The potential for even higher utiliza-
tion around the entire system exists since the addition rate to the gypsum tank was
not optimized to attain the maximum limestone utilization in the effluent stream to
the gypsum stack. However, no tests were performed to determine what improvements

in utilization could be attained.

Limestone utilization was also estimated from the sulfate/calcium ratio in the
solids. This ratio method, which is inherently more inaccurate, resulted in a
slightly higher utilization, averaging about 101.4 percent. The amount of residual
carbonate is calculated implicitly by difference using this method assuming that

sulfate and carbonate are the only anions present in the solid lattice.

++ = ++ ++ = =
Ca - COs _Ca - [Ca - sou] _ SOu

++ ++ ++
Ca Ca Ca

Such a mathematical model which computes a small quantity by taking the difference
of large wvalues will generally result in more scattered, less accurate results.

As a result the limestone utilization figures for the JBR and gypsum tank determined
by direct measurement of solid phase carbonate provide a more accurate indication of
actual utilization. Additionally, the presence of more negative species than posi-
tive in the solids based on the ratio method indicates that a slight analytical bias
may exist. The solid phase analytical data which were used to calculate utilization

are presented in Table 5-1.

Material Balances

Material balances were calculated to confirm the results of the Phase I SOz removal
rate and limestone consumption. These material balances, which generally closed
within 5 percent, support the significant results discussed in the previous subsec-

tions dealing with SO2 removal, sulfite oxidation, and limestone utilization.

Gas phase S0O2 removal and limestone consumption material balances for Phase I are
shown in Table 5-2. One complicating factor in calculating the SO, mass balance
is that the annubar, used for continuous flue gas flow measurements, was not in-
stalled and calibrated until January 8. Prior to this date, the gas flow was esti-

mated using a curve developed during the CT-101 program relating the fan amperage



PHASE I LIMESTONE UTILIZATION-ANALYTICAL DATA

Table 5-1

JBR Underflow Stream

Gypsum Tank Effluent Stream

JBR
Date Overflow pH
11/15/78 3.
11/16 3.5 3.
11/20 3.6 3.
11/29 3.5 3.
11/30 . 3.
12/1 2. 3.
12/4 3.6 4.
12/6 3. 3.
12/8 . 4.
12/11 . 3.
12/13 3.
12/15 . 4.
12/18 . 3.
12/20 .3 3.
1/4/79 3.8 3.
1/8 .5 3.
1/10 3. 3.
1/16 . 3.

8% Utilization

b% Utilization

[

WO N e DO W N0 W N Y @

Solid Phase Analyses Utilization
(mmole/q) (%)
Carbonate Sulfate
catt  sou cos Data? DateP
6.11 6.07 99.4
5.60 5.70 101.8
5.55 5.78 104.1
5.84 5.49 0.030 99.5 94.0
5.90 5.85 99.2
6.06 6.08 100.3
5.32 5.59 0.040 99.2 105.1
5.61 5.81 0.140 97.5 103.4
5.91 6.02 101.9
5.45 5.97 109.5
5.60 6.13 109.5
6.09 5.72 93.9
5.60 5.50 0.203 96.4 98.2
5.55 6.07 0,059 98.9 109.4
5.95 5.75 96.6
5.76 5.53 0.107 98.1 _96.0
98.3 101.4
average average

++ = ++
100[ca’ - cos3l/ca

= +
100+805/ca’ "+

(solid phase)

(solid phase)

Solid Phase Analyses

Utilization

(mmole/g)

Carbonate Sulfate
++ = = a b
Ca SOu CO3 Data Data
5.25 5.20 0.150 97.1 99.0
5.82 5.67 0.114 98.0 97.4
5,55 5.73 0.250 95.5 103.2
5.95 5.98 100.5
5.71 5.66 0.110 98.1 99.1
5.55 6.01 0.129 97.7 108.3
6.07 6.01 0.115 98.1 99.0
5.62 6.23 0.107 98.1 110.9
5.52 5.47 0.132 97.6 99.1
5,57 5.45 97.8
97.5 101.4

average average
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Table 5-2

PHASE I SO, AND LIMESTONE MATERIAL BALANCES

Gas Phase Sulfur Material Balance Limestone Material Balance Gypsum Production
Average Average
Flue Gas Average Removal SO, Removal Limestone Limestone Silo Gypsum Tank Gypsum
Flow Rate a SO; Inlet Efficiency Rate Delivered Inventory Percent Solids Removal Rate
Date (mscfm dry) {ppm dry) (%) {gmole/min) {metric tons) (metric tons) (wt) {gmol/minute)
11/14/78 22 61
11/15 b 22
11/16 45 1080 93.7 55 24 105
11/17 45 970 93.3 49 23
11/18 45 1030 92.0 51
11/19 44 1160 92.1 56
11/20 47 1210 91.1 62
11/21 47 1180 93.1 62
11722 47 1150 92,7 60 24
11/23 45 1210 93.7 61
11/24 45 1150 92.1 57 109
11/25
11/26
11/27
11728 S0; Analyzer 22
11/29 out of 23 8.7 96
11/30 service 24
12/1 23 126
12/2
12/3
12/4 47 1310 91.6 68 136 4.9 54
12/5 47 1270 92.3 66
12/6 48 1190 90.0 62
12/7 50 1110 92.0 61
12/8 50 1220 92.5 68
12/9 46 1220 93.0 63
12/10 45 1210 93.1 61
12/11 47 1230 92.0 64 105 3.1 34
12712 47 1220 92.5 63
12/13 47 1230 93.1 64 7.6 83
12/14 47 1200 92.5 6L
12/15 47 1210 93.5 63 25
12/16 46 1160 93.5 60 25
12217 46 1090 93.0 56
12/18 46 1220 92.2 61 23 97 2.4 26
12/19 46 1180 9l1.6 59 23
12/20 49 1240 9l1.9 67 24 4.7 52
12721 47 1220 92.2 64
12/22 47 1230 92.5 63
12/23 47 1260 92.4 65
12/24 46 1210 92.3 6l
12725 47 1260 92.9 65
12726 47 1210 92.5 63 87
12727 51 1250 91.5 70
12/28 49 1140 91.7 (38
12/29 47 1220 91.1 64
12/30 50 1180 90.2 64

12/31 48 1150 91.5 61
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Table 5-2

PHASE I SO, AND LIMESTONE MATERIAL BALANCES (Continued)

Gas Phase Sulfur Material Balance Limestone Material Balance Sypsum Production
Average Average
Flue Gas Average Removal SO, Removal Limestone Limestone Silio Gypsum Tank B
Flow Rate SO: Inlet Efficiency Rate Delivered Inventory percent Solids Removal Rate
Date {mscfm dry)a (ppm dry) (%) {gmole/min) (metric tons) (metric tons) (wt) (gmol/minute)
1/1/79 48 1le0 9l1.5 61
172 51 1150 92.1 65
1/3 52 1210 92.8 70 22 37
1/4 51 1180 91.9 66 25 6.7 74
1/5 48 1110 92.1 60 23
1/6 47 1030 91.7 54 24
1/7 47 1130 91.5 59
1/8 43 1200 89.0 49 25 4.2 53
1/9 36° 1150 92.2 43
1/10 39 1120 82.0 45 100 3.9 4z
1/11 30 1110 94.3 33
1/12 28 1030 94.0 30
1/13 37 1010 91.4 36
1/14 35 1040 91.0 36
1/15 44 1060 90.4 47 87
1/16 49 1020 89.1 49 3.4 37
Downtime
(End of
Phase I) o
1/20 _ - 65 _ _
Average = 5 Total = 446 Average = 5.0 Average = 55

Zhased on estimate of 7% inlet moisture during Phase I.

b : .

Gas flows from 11/16/78 until 1/8/79 were estimated from fan amps - pitot measurements indicated an average of 18% lower flow.
c

Gas flows from 1/9/79 through the remainder of the program were determined from annubar measurements.

50 gal slurry | 3.785%) 1000 g slurry | wt. fract. solids in gypsum tank | .0058 gmole
min I gal T liter slurry | I g solids

dRemoval rate

Adjusted gas phase SOz removal = 50 gmoles SO2/min (based on pitot measurements versus flow rate estimation from fan amps).

Limestone consumed = delivered - inventory
= 446 - 4 = 442 metric tons in 1527 hours

[ .
. 442 x 10" g limestone | 3.99 CaCQ3 | gmole ;
LA te = T T =
CaCOs consumption rate {15277 (60) min 1o limestons ] 100 g Cacos -2 gmele CaC0s/min

e
Four hours after Phase II startwup.



and gas temperature to the gas flow rate. Using the flow estimated from the fan
amperage readings and the DuPont SO, analyzer readings, the average SO removal in
Phase I was 58 gmoles/minute. However, pitot traverses throughout Phase I indicated
that the fan amp method yielded gas flows which were about 18 percent high. If the
gas flows through January 8 are adjusted by this factor, then the average SO, removal
during Phase I was 50 gmoles/minute. This compares favorably with the CaCO; consump-
tion rate of 48 gmoles/minute estimated from limestone deliveries and inventory

readings.

Due to the design of the JBR, the rate of sulfite oxidation to sulfate must also have
equaled 50 gmoles/minute. However, there was no means of verifying this fact by
material balance around the JBR because the flow rates and solids