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1.0 ABSTRACT

This Topical Report ™ .. is an interim report on the Duct Injection Test Facility being operated
for the Department ¢ iergy at Beverly, Ohio. Either dry calcium hydroxide or an aqueious slurry
of calcium hydroxide (prepared by slaking quicklime) is injected into a slipstream of flue gas to
achieve partial removal of SO, from a coal-burning power station. Water injected with the slurry or
injected separately from the dry sorbent cools the flue gas and increases the water vapor content of
the gas. The addition of water, either in the slurry or in a separate spray, makes the extent of
reaction between the sorbent and the SO, more complete; the presumption is that water is effective
in the liquid state, when it is able to wet the sorbent particles physically, and not especially effective
in the vapor state. An electrostatic precipitator collects the combination of suspended solids (fly ash
from the boiler and sorbent from the duct injection process). All of the operations are being carried
out on the scale of approximately 50,000 acfm of flue gas.

This report discusses the initial experimental work, which was conducted between April 30, 1990, and
February 4, 1991. During that period of time, the effort was devoted to Task 3.1, Characterization
of System Performance. This initial phase of experimental work was completed during the period
reported. The principal results from the work are described in the following paragraphs.

Characterization of the ESP without lime injection. The test facility includes an electrostatic
precipitator that removes suspended particulate matter from the gas stream, with or without sorbent

injection. Initially, the ESP was evaluated with only fly ash as the suspended material, at a
temperature near 300°F and a specific collecting area of 329 ft%/1000 acfm. The ESP was found to
be highly efficient in removing fly ash alone. The high efficiency of thc ESP thus observed was in
accord with the ash electrical resistivity at a value of the order of 2 x 10° ohm-cm. This low resistivity
is in turn consistent with observed concentrations of SO4 in the flue gas around 30 ppm.

Avoidance of wall wetting by the spray nozzles. Wall wetting by the spray nozzles is an operating

problem that may prevent satisfactory overall performance by the duct injection system, but it can be
minimized and made to exist at a tolerable level by the proper selection of operating parameters.
Nozzle operating parameters that were studied in connection with wall wetting were the type of
nozzle (Lechler or Parker-Hannifin), the array of nozzles in the duct (number and alignment with
respect to the duct walls), water throughput, and atomizing air pressure. One of the more satisfactory
arrangements of nozzles, which was used in the sorbent testing summarized below, was as follows:

an array of six Lechler nozzles arranged as three nozzles on each of two
lances at different elevations between the top and bottom of the duct;

the upper three nozzles depressed 1.25° from the horizontal and the lower
nozzles elevated 5° to avoid wetting the top and bottom of the duct, and
the outer four nozzles canted inward 5° to avoid wetting the sides of the
duct;

water flow rate of 10 gal/min (83 lb/min) at an atomizing pressure of 90
psig (providing 104 Ib/min of air flow). During this test series, emphasis
was placed on operability, and it is believed the apparent need for the high
air/water ratio (1.25 vs a design value of (.5) is due to changes in the
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trajectory of the nozzle jets with increasing air/water ratio and the
operating constraints imposed by the small duct size rather than changes in
droplet size. Additional work with the objective of minimizing the air/water
ratio will be performed in subsequent portions of the test program.

Sizes of droplets from the spray nozzles. The sizes of droplets fro.a the spray nozzles were reported
in terms of the Sauter mean diameter. The sizes measured only with plain water being atomized were

found to depend upon the type of nozzle, the iate of atomization of water, the atomization pressure,
and the distance down the duct from the point of origin. At the nearest point to the origin where
measurements could be made satisfactorily (about 1.6 m downstream), the Parker-Hannifin nozzles
produced droplets with SMDs ranging from about 20 .m at high atomization pressures and low liquid
flow rates to 45 um at low pressures and high liquid flows. At this same location, the Lechler nozzles
gave SMDs ranging from about 25 to 40 um with the same change in operating conditions. With
increasing distance from the point of origin, the SMDs increased slightly, owing to the faster
evaporation of the smaller droplets. The concentrations of water still present as droplets at
downstream locations indicated that only about one-third of the original volume had not evaporated
after a transit time of 0.5 s.

Removal of SQ, with dry sorbent. When dry hydrated lime was injected, the flue gas was humidified
and cooled with a spray of plain water. The nozzles for the water sprays were located either
upstream or downstream from the point of lime addition. When water was injected at the upstream
location, the droplets evaporated before they reached the point of lime addition, and the
humidification mode was called non-scavenging, meaning that no interception and physical wetting
of sorbent particles by water droplets occurred. When water was injected at the downstream location,
on the other hand, some fraction of the sorbent particies and water droplets collided, and the
operating mode was termed scavenging.

The principal factors influencing SO, removal were the operating mode (scavenging or
non-scavenging), the relative quantity of lime added (indicated by the Ca/S mole ratio), and the
degree of cooling (reported as the difference between the temperature reached and the temperature
of adiabatic saturation, or "approach”). The scavenging mode produced substantially higher results;
the limited quantity of data obtained, however, make it difficult to say quantitatively how the two
humidification modes differed. Among all the tests performed with dry sorbent, the most successful
test removed 42% of the SO, at the ESP inlet and 53% at the ESP outlet; this was a test with the
scavenging mode producing an approach of approximately 25°F at Ca/S = 2.5.

Removal of SO, with slurry. Lime injected in slurry form produced significantly greater SO, removal
than lime injected in dry form with a separate humidification process. This conclusion is illustrated
by the following data:

Dry sorbent Slurry
Ca/S ratio 2.5 1.5
Approach, °F 26 43
Removal, %
at ESP inlet 42 50
at ESP outlet 53 56



The differences in removals shown here are not large, but they show that the slurry process was
superior in that higher SO, removal was achieved with a lower Ca/S ratio and at a higher approach
temperature.

As with dry injection, increases in the Ca/S ratio and decreases in the approach were the primary
factors influencing SO, removal with slurty injection. The tests performed covered the range of SO,
inlet concentrations from 1200 to 2800 ppm but showed no important effect of this variable on the
percent removal. The ESP, on the other hand, made a significant contribution to removal, as
indicated by the data tabulated below.

During the studies with slurry injection, extensive work was done to determine whether the extent
of SO, removal found routinely by direct measurements of SO, was reliable. This work consisted of:

1. Performance of "spike tests" in which SO, was injected ahead of the heated fiiters of the
probes that sampled gases for the gas sampling system, and

2. Single-point collection of solid sorbent samples in a probe designed to quench SO,-
sorbent reactions, followed by determinations of the utilization of calcium in the collected
samples.

The spike tests indicated satisfactory performance of the gas sampling system, but the quench probe
samples consistently indicted lower calcium utilizations at the ESP inlet than those obtained from the
gas-phase results. Figure 1-1 shows SO, removal as a function of Ca/S ratio as a region, with the
lower bounds of the included area determined by the quench probe solids samples. Two possible
reasons for the disagreement between gas and solids results are: 1) wall effects, and 2) under-
representation of reentrained agglomerates of more highly utilized sorbent in the single-point solids
samples. We expect that this ambiguity will be resolved in long-term tests which will be conducted
later in the project. For the present, however, a conservative approach is to estimate removal in a
full scale plant at the ESP inlet from the solids samples in view of the higher surface to volume ratio
in the DITF compared with a full-scale plant.

The SO, removal in the ESP in the pilot-scale facility should, on the other hand, be duplicated in
an ESP of the same relative size (in terms of specific collecting area). To reach a conservative
estimate, then, of SO, removal in a full-scale installation, it is reasonable to add the ESP removal
based on gas-phase data to the duct removal based on solids analysis. The result for approaches in
the 20-30°F range are as follows:

SO, removal, %

Duct ESP_ Total
CaS =10 35 15 50
Ca/S = 2.0 53 16 69
CaS =25 60 17 77

Performance of the ESP during sorbent injection. The performance of the ESP was determined
occasionally during the work with slurry injection. The performance was satisfactory unless there was
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an obvious problem caused by electrode deposits. A mass efficiency of the order of 99.9% appeared
to be typical at the usual specific collecting area of 400 £t%/1000 acfm. There was ao evidence of the
massive reentrainment of sorbent particles at low approaches as was observed in the tests of E-SOy
in the EPA program.

System operation and maintepance. The most crucial issue anticipated in advance and enperienced
in actual practice is how system operation is handicapped by the buildup of deposits in the duct,
which seriously impede gas flow. Injection of dry lime leads to difficulty of this type more rapidly
than injection of slurry. Injection of dilute slurries - 10% solids, for example (to achieve a given
approach at a low Ca/S ratio) ~ leads to difficulty more rapidly than injection of concentrated slurries
— 25% solids. There has been no attempt at operation for several days or weeks at fixed conditions,
but it seems reasonable to expec!, that operation for several days without interruption will be possible
with a slurry having 25% solid-~. at an approach of 25°F,

Controlling deposits at the test facility can be difficult due to the relatively small size of the duct
which results in a high wall to gas volume ratio. It is expected that, for larger sized ducts, the control
of deposits will be easier. ' ‘

Although this is an interim report representing preliminary conclusions, the following observations
can be made: ~ o

1. The program goal of 50% SO, removal can be obtained without difficulty with slurry injection
at a 20-30°F approach to saturation. Slurry injectiun is superior to dry hydrate injection in both
ease of operation (control of deposits) and in degree of 80, removal. The SO, removal
obtained with slurry injection st the DITF is comparable to that obtained by other investigators.

2. Calcium utilization needs to be increased to improve the economics of the process. Recycle and
additives will be investigated later in the project as a means of accomplishing this objective.

3. Although the Lechler nozzles performed well with respect to operability, a higher-than
acceptable value of air to water appeared to be necessary to avoid contact of the slurry droplets
with the wall in the relatively small duct at the DITF. The use of a single nozzle and other
operational changes will be investigated in an effort to reduce the air requirements.
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20 INTRODUCTION

Duct injection of calcium hydroxide is being investigated under the auspices of the U. S. Department
of Energy as a low-cost, retrofit technology for controiling SO, emissions from coal-burning electric
power stations. This report describes the results of one study of this technology that is being
conducted by Gilbert/Commonwealth, Inc., and Southern Research Institute. This study is being
performed at the Duc. Injection Test Facility (DITF), which is located at Unit 5 of the Muskingum
River power station of Ohio Power Company at Beverly, Otio.

This report describes the initial phase of the experimental work, performed under Contract
DE-AC22-88PC88851, which was started on April 30, 1990, and completed on February 4, 1991. The
report covers in entirety the research performed under Task 3.1, Evaluation of System Performance.

The contents of the report are as follows:
. 4 description of the test facility (Section 3.0).

. A discussion of initial work prior to the injection of calcium hydroxide for
controlling the emission of SO, (Section 4.0).

o A description of the work performed with nozzles for injecting either plain
water or a slurry of calcium hydroxide in the duct, where primary removal
of SO, occurs (Section 5.0). Plain water is sprayed into the duct for
increasing the humidity level and lowering the iemperature of the flue gas
when dry calcium hydroxide is added. Slurry is sprayed into the duct when
humidification, cooling, and sorbent addition are accomplished in one step.
(The data in Section 5.0 were all obtained with plain water rather than

slurry.)

. A detailed presentation of the results on SO, removal in three operating
modes (Section 6.0):

Injection of dry calcium hydroxide accompanied by injection
of plain water at an upstream location. This is referred to as
the non-scavenging mode, which means that the water droplets
evaporate before they reach the plane of sorbent injection and
thus do not undergo particle-to-particle collisions with the
sorbent.

Injection of dry calcium hydroxide accompanied by injection
of plain water at a downstream location. This is the
scavenging mode, which means that collisions occur between
sorbent particles and water droplets before the droplets
evaporate.



Injection of a slurry of calcium hydroxide, in which the water
for humidifying and cooling are combined with the sorbent.

A review of operating experience with the test facility (Section 7.0).
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3.0 RESEARCH FACILITY

3.1 Description of the Duct Injection Test Facility (DITF)

The Duct Injection Test Facility of the Department of Energy (DOE), located in Beverly, Ohio, at
the Muskingum River power plant of Ohio Power Company, has been converted to test alternative
duct injection technologies. The technologies tested include slurry sorbent injection of slaked pebble
lime with dual fluid nozzles and pneumatic injection of dry hydrated lime with flue gas humidification
before or after sorbent injection. The. test facility was modified to test a range of flue gas SO,
concentrations and a range of flue gas temperatures in vertical and horizontal duct test sections. This
test program is part of a larger DOE program to fully characterize low cost, retrofittable dry SO,
removal technologies for application to existing power plants.

Two types of duct injection technologies are being tested: (1) slurry sorbent injection of slaked
pebble lime, using dual fluid nozzles; and (2) pneumatic injection of dry hydrated lime, with flue gas
humidification before and after sorbent injection. A wide range of flue gas SO, concentrations and
temperatures is being utilized for testing.

A two-year test program is now being implemented for the facility. The purpose of the test program
is to:

s Obtain scale-up engineering design data for both slurry and dry sorbent injection.
» Provide scale-up data for humidification and ESP performance.
» Develop and test process-control systems.

 Validate the first and second generation process models developed under other parts of the
DOE program.

3.1.1 System Description

The DITF operates as a 12 MWe, 50,000 ACFM “slipstream” system on Ohio Power Company,
Muskingum River Unit No. 5, in Beverly, Ohio. The boiler is a B & W dry-bottom pulverized coal,
front and rear wall-fired unit, rated at 585 MW (net).

The unit is base-loaded but it can drop to half load during summer months, usually between midnight
and morning. Currently, the plant burns local coal with an as-recgived suifur content of about 4.2%.
The nominal flue gas conditions at the exit of the air preheater (feeding the test facility) are as
follows:

N, 75.6%

CO, 11.9%

H,O 7.5%

0O, 4.6% (30% excess air)
S0, 3200 ppm

Ash 3.4 gr/acf

Molecular Weight 29.46

Temperature 325°F



vl

The slipstream is taken from the existing air preheater discharge, through ductwork with three test
stations to the DITF precipitator, then to an induced draft fan, and back to the existing precipitator
inlet. A provision also exists to bypass the pilot precipitator and allow gas to flow through a
high-efficiency cyclone. Figure 3-1 is a schematic drawing of the DITF.
The DITF precipitator is a weighted-wire design, consistent with the majority of older units for which
the sorbent duct injection technology is mtcnded. The precipitator has four independent electrical
fields and is designed for an SCA of 360 ft%/1000 acfm at a system inlet flow rate of 40,000 acfm at
190°F. Although this design is somewhat larger than most units that are candidates for duct injection
technology, it will provide additional flexibility for the test program.
The test facility was originally designed to deliver slaked pebble lime slurry to a rotary atomizer in
one of three duct locations--one in a vertical duct and two in a horizontal duct. New equipment was
designed and installed to test two different types of duct injection technologies: (1) Slurry sorbent
injection of slaked pebble lime, using dual fluid nozzles, and (2) Pneumatic injection of hydrated lime,
with flue gas humidification before or after sorbent injection. The new equipment consists of:

¢ Flue gas dilution air heater to vary SO, content and temperature of the incoming gas.

» Flue gas steam humidifier.

+ Slurry sorbent injection pumps and nozzles.

» Hydrated lime silo and blowers.

¢ Flue gas humidification nozzles and water pump.

¢ Ash recycle sys*em.

» Compressed air system.

* Duct hoppers and cleaning systems.

o Waste ash silo.

o State-of-the-art pmgrammable logic controller and data acquisition system.

A great deal of flexibility was designed into the facility to provide the capability of testing over a wide
range of process conditions. These capabilities include the following:

o Flue gas velocity of 20-60 ft/s which corresponds to a gas flow of 16,700-50,000 acfm at the
inlet conditions.

o Inlet gas temperature 275-320°F.
 Inlet gas SO, concentration of 1100-3200 ppmv.
e Sorbent addition at a Ca/S ratio of 1.0-2.0 (nominal limits).
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e Duct residence time of 0.5-3.0 s.
o Approach to adiabatic saturation temperature of 20-80°F.
o Recycle of spent sorbent for either slurry or dry sorbent injection.

Figure 3-2 shows a simplified process flow diagram of the facility. Construction was completed in
May 1990 and the first test series, Evaluation of System Performance, has been completed.

3.2 Description of the Process Control System

The DITF instrument and control system was developed from a mixture of existing equipment
hardware and software and a new Allen-Bradley Programmable Logic Controller (PLC) 5/25 control
system. All of the process and equipment control is assigned to the new PLC system while the
existing Data Acquisition System (DAS) was strictly limited to data acquisition. Figure 3-3 shows a
schematic of the PLC and DAS systems.

All new equipment start and stop functions are performed via a work station in the control room.
The work station consists of a keyboard and CRT and has the capability of displaying the various
process loops in real-time. The control scheme for slurry injection is based on setting the slurry feed
rate to maintain a desired Ca/S ratio, while slurry concentration is adjusted by dilution water to
maintain exit gas approach temperature. For dry sorbent injection, both lime addition and exit gas
temperature can be controlled independently. In addition, the capability is present to test the use
of SO, removal efficiency as the control point by automatically adjusting the lime or slurry feed rate.
The PLC system is able to respond to fluctuations in the inlet SO, concentration, gas temperature,
gas flow rate, and allow the process or equipment upset conditions to be detected and corrected
without process shutdown.

Process control relative to flue gas dilution and temperature is designed to produce a flue gas stream
with a specified or test SO, concentration, inlet gas temperature, and inlet gas volumetric flow rate.
In order to minimize changes to other flue gas parameters, particularly the adiabatic saturation
temperature, when diluting the extracted flue gas from Unit 5, the water concentration of the diluting
gas must match those of the extracted flue gas from Unit 5. The dilution air is controlled by the
desired SO, concentration, the duct burner firing by the desired test temperature, and the moisture
addition by an algorithm which calculates the required humidity from the coal analysis and the
measured excess air and ambient humidity. Moisture is added by a controlled steam flow based on
dilution air flow rate.

Associated with the process control/additions and changes are the changes to the ash handling system

as presently configured. With the addition of mechanical equipment there is the incorporation of
both monitoring and control instrumentation for equipment and personnel safety.
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3.2.1 Hardware/Equipment
Allen-Bradley PLC 5/25 System
5 Rack Configuration

2 - Main Control Panel (CP003 and CP004)

2 - Motor Control Center (MCC)

1 - Existing Control Panel (CP-001)

1 - Dilution Air Variable Frequency Drive (VFD)

20 K Word Processor RAM Memory (approximately 16 K used)

A-B 1770-KF2 Data Highway Plus Communications Interfaces for (1) Programming and (2)
PanelMate

COMPAQ SLT 286 with ICOM PLC 5 Programming and Documentation software (purchased
as part of the PCSV Particle Measurement system)

IDT PanelMate II Operator Interface - 16 Screen Capacity
3.2.2 Operation/Controls

With the exception of the Air Compressor system, the two Lime Slurry Pumps, the Lime Slurry
Agitator, the Air Heater Burner Ignition which are controlled from the Main Control Panel, and the
existing motors controlled at the existing MCC, all of the equipment in the Test Facility is controlled
using the PanelMate which is located on the Main Control Panel. Nearly all of the equipment is set
up to have a "Hand" and an "Auto” mode of operation. In the "Hand" mode, the selected device will
operate on command, taking into account any safety interlocks. In the "Auto” mode, the device is
"enabled” and will operate when called upon by the logic of the operation.

» PanelMate Control Screens

All of the "Hand-Off-Auto" controls for a specific area are located on one or two
screens of "Legend Displays". These PanelMate displays show the status of each
device. In addition, any equipment fault is shown on this display. Selecting one
of these "Legend Displays” from the 15-key panel displays the associated control
function, such as "Start - Auto", "Start - Hand" or "Stop".

Any alarm condition detected by the PanelMate/PLC system causes the central
alarm system light and horn to be activated. The alarm condition is displayed on
the PanelMate and logged on the alarm printer. The alarm system may be
"Acknowledged” with the pushbutton on the Main Control Panel or the "Silence
Alarm” key pad on the PanelMate. The "Acknowledge" is also logged.
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o PanelMate System Status Screens

For each process loop there is a graphic screen showing the process flow and
equipment status for the process. There is normally no operator control on this
screen. However, the state of the devices shown on the control screens is
indicated by the color of the device.

Also shown on this screen are process alarm conditions such as high or low
hopper or silo levels,

¢ PanelMate Process Control Sc.:rcens

To set the process parameters, there are several Process Control Screens. These
screens contain two types of displays: a controller on which the Process Variable,
Setpoint, and Alarm Limits are shown in a format very similar to the clessic
stand-alone controller and a variable display format which simply indicates the
current value of the Process Variable and Setpoint.

For either of these displays, the numbers in the white legend block can be modified by the operator
to alter the setpoint as needed.

3.23 COMPAQ System Support Computer

In addition to being used for gas particle size measurements, the INSITEC computer provides the
PLC/DAS System Support. For this purpose, it has been loaded and confi gured to perform the
support operations listed below.

« PLC 5/25 Programming and Documentation
Equipment Data Base
¢ Reports - IDT PaneiMate Support
3.3 Description of the Gas Sampling System (GSS)
3.3.1 System Requirements

In order to measure the effectiveness of duct injection for the removal of SO, and NO, and to
control the level of SO, at the inlet to the DITF, it is necessary to know the constituency of the flue
gas at a number of points. Before the DITF was configured to study the duct injection process, it
was operated by General Electric Environmental Services, Inc., (GEESI) for a previous DOE project.
As part of that earlier project GEESI contracted with Pace Environmental to design and install a
"multiple point" flue gas sampling system (GSS) that could measure flue gas concentrations of SO,,
0,, CO,, and NO, at up to five locations throughout the facility. This existing system has been
modlfied and updatcd by SRL In addition to this multiple point GSS, a "single point” GSS has been
installed to provide continuous SO, and O, information at the system inlet (after dilution). Data
from the single point GSS is used by the Allen-Bradley Programmable Logic Controller (PLC) that
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controls DITF operation to set the amount of dilution required to maintain a constant SO, level at

the system inlet.
3.3.2 Evolution of GSS to the Present Form

As installed, the GEESI/Pace GSS took a gas sample from one of five probes inserted into the DITF
ductwork, transported the gas sample through heated sample hoses to a heated switching network
that, in turn, routed the gas sample to a dilution system (with a dilution ratio of 10:1) and a gas
permeation dryer, and finally sent the diluted gas sample to a bank of gas analyzers. Motor-driven
mechanical relays in the GSS control circuitry then activated a bank of motorized ball vaives to
sample through the next port in the gas sampling sequence. After all ports were sampled, each
sample line was purged with high pressure air to clean the sample probes. The sample probes were
made of a fritted stainless steel filter that was inserted midway into the duct, enclosed in a
semi-circular protective shell. The advantage of this system was that no sample conditioning was
required to remove water vapor. The major disadvantage of this system was that because of low
sample flow rates about 3 min could elapse from the time a sample was withdrawn from a sample
probe to the time that a measurement of flue gas concentration was made. This time was usually
doubled because measurements were made with wet diluted flue gas (by bypassing the permeation
dryer) and with dry diluted flue gas to obtain an estimate of water vapor concentration at a given
sample port. Indeed, a considerable time could elapse from the time a gas sample from the DITF
inlet (port 1) was analyzed to the time a gas sample from the outlet oi the ESP (port 5) was analyzed.
Thus, changes in system operation that occurred between the time the inlet and outlet samples were
analyzed could affect the results of a particular test in an unpredictable manner.

Before the DITF was brought on line the GEESI/Pace GSS was inspected and cleaned. It was found
that the permeation dryer was inoperable; most of the stainless steel sampling lines, valves, and
solenoids were internally corroded; and many of the flue gas analyzers required maintenance or
repair. It was decided to rebuild the GSS completely. As part of this rebuild, a "double bypass”
design was adopted with an integral refrigerated sample conditioning system for water removal.
Heated sampling probes were also designed and installed at each sample port. The GSS was also
integrated into the PLC control system for the DITF so that control of the GSS is no longer
governed by a set of motor-driven mechanical relays. Currently, sample ports are located at the inlet
to the system, at the inlet to the horizontal test duct (before sorbent injection or humidification), at
the end of the horizontal duct (1.0 s residence time), at the ESP inlet (1.5 s residence time), and at
the ESP outlet (ESP residence time is approximately 10 s).

The heated probes were designed and installed because no provision was made in the GEES{/Pace
system to prevent the reaction of sorbent caught on the surface of the in stack filter with flue gas as
it passed through the layer of sorbent. Figure 3-4 shows how these probes are designed. The probes
are made of 316 stainless steel. The reaction of flue gas with sorbent caught on the fritted stainless
steel filter in the probe is quenched by heat. The interior of the probe is maintained at 350°F or
above so that the surface of the in stack filter is heated to a point where no reaction caun take place
with fresh sorbent caught on the surface of the fiiter. Each probe is also fitied with a stainless steel
line through which span or zero gas can be bled into the probe. This probe design has been tested
by introducing SO, span gas to the interior of the filter which was coated with a thick layer of
unreacted Ca(OH), sorbent. In each test, 98% or more of the span gas was recovered downstream
of the probe.
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Figure 3-4. Probe for extracting solids-free stream for gas analysis.
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As Figure 3-5 shows, flue gas is drawn through each heated probe and is conveyed through a heated
sampling line to a heated oven where the stream passes through a motorized ball valve, filter, and.
solenoid valve that either routes all of the sample flow to the main bypass pump through a sampling
manifold that is shared by all of the sample lines or diverts the sample flow to two sets of condenser
coils in a refrigerated bath maintained at 33°F. Condensed water is removed with a double-headed
peristaltic pump. A second sample pump is located between the two sets of condenser coils,
providing sample flow to an array of gas analyzers located downstream of the refrigerated cooler.
The gas analyzers are each equipped with an appropriate sample pump. The second sample pump
is sized so that it delivers more sample flow than is required for the gas analyzers. Extra sample flow
is vented. This sample conditioning system serves a Western Research Model 721-AT SO, analyzer,
a Servomex Model 540A oxygen analyzer, an Automated Custom Systems Model 33060 CO, analyzer,
and a Thermoelectron Model 10 NOx analyzer.

A separate heated line is connected to the gas sample coming from port 1 at a point after the filter
but before the solenoid valve. This line supplies a gas sample from the inlet of the DITF to the
single point GSS. This system is constructed in much the same manner as the multi-point GSS. The
gas sample passes through a refrigerated cooler and passes to a Fuji Model ZRC/760 SO, analyzer
and a Servomex Model 540A oxygen analyzer. Water is removed from the refrigerated cooler with
a single-headed peristaltic pump. As with the multi-point GSS, the single point GSS is controlled by
the PLC that is used to run the DITF.

Recently a Servomex PSA 402 water analyzer was added to the multi-point GSS. This analyzer takes
a sample from the heated line that passes a gas sample to the refrigerated cooler, passes it through
a heated head pump and filter, and conveys the gas sample to the water analyzer through a heated
sample hose. The measurement cell of the water analyzer is maintained at 150°C. The water
analyzer measures absorption of light energy by water vapor at a wavelength of 6.01 um. This
wavelength was chosen by the manufacturer because none of the components of the flue gas exhibit
significant absorption at this wavelength. The water analyzer is calibrated with a "mimic" gas,
propylene, that strongly absorbs light energy at 6.01 wm. Initial results with the water analyzer are
promising; however, much more experience needs to be gained with this analyzer before it can be
recommended as a water vapor monitor.

As indicated above, the multi-point GSS and the single point GSS are controlled by the Allen-
Bradley PLC system that is uszd to control the DITF. Currently, each gas sampling line is purged
with compressed air immediately after the PLC switches the GSS to the next sample line. When a
line is selected for sampling by the PLC, approximately 90 s elapses before any measurements are
accepted from the gas analyzers. This is to ensure that the previous gas sample is completely flushed
from the refrigerated cooler and analyzers before any measurement is made. The PLC can select any
number of ports or combinaticn of ports to sample. If only one port is seiected for sampling, that
port is not purged until the port is deselected.

3.3.3 QA/QC Concerns

To make sure that the GSS functions properly, frequent checks are made of system integrity. Each
gas analyzer is calibrated on a daily basis, and a log is kept of zero and span adjustments as well as
any maintenance that has been performed on components of either GSS. Calibrations are not based
on meter response but are based on instrument output to the DITF data acquisition system (DAS).
Filters in the GSS are changed on a regular basis, and the single point and multi-point GSS systems
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are monitored to assure that both systems agree. On a weekly basis, each heated sample probe is
checked to be sure it is operating properly, and span gas is introduced into each probe in the duct.
Slight losses in sample recovery usually are caused by small leaks that are corrected before proceeding
to the next probe. Although this process is time-consuming, it assures the integrity of the GSS.
Results of these checks are kept in the GSS maintenance and calibration log.

3.4 Description of the Data Acquisition System (DAS)
3.4.1 System Requirements

The DAS must fulfil several major requirements. First, it must produce a permanent record of test
activity carried out at the DITF to permit subseq_lhxdem analysis of process data. Second, the DOE
requires that all data must be logged in Lotus 123°™ format files on floppy disks that are transmitted
to the DOE on a regular basis. This second requirement generates a back-up of ail data and provides
process data to other individuals interested in results obtained at the DITF. Third, in addition to
producing permanent records of process data, the DAS must provide real-time information for
ongoing experiments at the DITF. Ideally, this real-time 1:.formation should be available for any
process parameter over the duration of the most recent test.

3.4.2 Evolution of the DAS to the Present Form

When the DITF was first brought on line, DAS hardware consisted of a Hewlett Packard (HP)
Model 3497A data logger connected to an HP Vectra PC/AT computer, which was also connected
to an AST 286 PC/AT computer. Custom software was written in Microsoft QuickBasic™ to
interface the HP Vectra computer with the HP datalogger, to allow on-line analysis of process data
from the DITF, and store each data scan in an archival file. The AST computer was primarily
intended for data analysis although it could be used to monitor raw data as it was echoed to the HP
Vectra computer.

Before a decision was made to write site specific software to automate data collection and retrieval,
commercial software packages were investigated. However, with the amount of information to be
stored (in excess of 300 channels of data and calculations per scan) any commercial package that
could handle the stream of data (approximately one scan every 90 s) was either very expensive,
required a considerable investment in training to configure, or both.

Initially, data scans were stored on the HP Vectra in an ASCII format and these files were
transformed into a Lotus-compatible file format on the AST computer. This process was time
consuming and inefficient. In addition, while process data were displayed for each scan, it was
difficult to view earlier data acquired during a test without stopping data collection to copy 2 data
file or performing frequent screen dumps to a printer attached to the HP Vectra. Because it is very
desirable to be able to view recent process data and compare it with current system behavior, it was
decided to modify the DAS. A major requirement was that this modification could not disrupt the
ongoing program of experimentation during its development, testing, and installation.

As indicated above, the QuickBasic program that polls the HP datalogger also echoes process data
and calculations to the AST computer. This ability to echo data to a second computer is the key to
the new data analysis system. In order to provide on-line analysis of recent as well as current process
data, it was decided to replace the AST 286 PC with the 386-based PC and utilize the
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multi-processing capabilities of this type of microprocessor to log the data received from the HP
Vectra and provide a dispiay of any process parameter or parameters desired within the last 1200 data
scans (approximately the last 30 hours of data). This display can be up-dated as required.

The expanded data analysis system consists of & 386-based PC, a serial data communications buffer,
a multx-taskmg operating system called Deskview™, custom software written in Borland’s Turbo
Pascal ™, and an Iomega Bernoulli™ removable cartridge drive. The 386 platform and Deskview
are nemsary to allow the computer to perform two simultaneous tasks. The serial buffer is used to
allow the 386 computer to go off line for up to several hours and not lose process data relayed from
the HP Vectra. Hourly and daily process data are logged on removable 44MB Bernoulli cartridges.
Data continues to be logged on the HP Vectra as it was in the past. Data files from the HP Vectra
are now being archived on the Bernoulli cartridges.

The custom software performs several tasks: it accepts data from the HP Vectra, checks for
communication errors, writes the process data to compact binary files, prints historical data to a line
printer or to a file, plots process data to the screen or to an HP plotter file, and converts hourly data
files to Lotus 123 compatible spreadsheets for subsequent data manipulation. The software written
to produce Lotus 123 compatible spreadsheets from the process data files will convert a day’s worth
of process data into worksheets in 10 to 15 min.

One important addition to the expanded data analysis system is the ability to view graphical images
of process data in essentially real time while data logging continues. A file containing all of the data
from the last 1200 scans is maintained on the fixed disk in the 386 computer and is echoed to a 2.8
MB ramdrive. Through a series of menus, predefined sets of data or operator selected data can be
viewed to monitor a test in progress or view the results of recent testing. Data are stored in a
ramdrive to minimize access time.

The ability to write typed files of binary numbers yields a large saving in disk space: one hour’s data
in ASCII format requires 420 KB of disk space, while the same file in a typed binary file format
requires only 60 KB of disk space. One disadvantage of typed files is that the data cannot be viewed
directly from DOS.

3.5 Methods to Measure Sorbent Utilization

Central to the evaluation of a SO, removal technology is measurement of sorbent utilization.
Sorbent reacts with SO, in the flue gas and if Ca(OH), is the sorbent material CaSO; is formed by
the reaction. The sorbent never reacts completely, however, and thus is never fully "utilized".
Utilization can be determined from gas-phase measurements or from analyses of solids.

3.5.1 Gas Sampling

Sorbent utilization is calculated from gas phase measurements by dividing the percent of SO, removal
by the Ca/S ratio. Because the Ca/S ratio is a molar ratio, this calculation really determines the ratio
of the number of moles of sulfur to the number of moles of calcium present (as sorbent). Sources
of error that can affect this method of determining sorbent utilization are an inaccurate determination
of the Ca/S ratio--through an incorrect measurement of sturry flow, inlet SO, concentration, or the
physical parameters of the slurry (% Ca(OH),, density, or % solids) and an inaccurate measurement
of SO, concentration downstream of the point where sorbent is introduced into the system. This
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measurement can also be affected by accumulations of moist sorbent in the duct (for example, as duct
wall deposits) that iend to remove SO,. In this case sorbent utilization as determined from gas-phase
measurements will be higher than utilizations determined from solids analyses.

3.5.2 Solids Samples

Sorbent utilization can also be determined from chemical analysis of ash/sorbent samples obtained
downstream from the point where sorbent was introduced into the system. In the case of the DITF,
these samples are most immediately available from the ESP hoppers but are also available from mass
train catches. However, samples of solids obtained with particle sampling devices can also become
over utilized (compared to suspended solids in the flue gas) because they remain in contact with flue
gas for the duration of sampling.

3.5.2.1 ESP Hopper Samples

The ESP of the DITF has three hoppers, and the ash conveying system has been modified to permit
samples of ash to be obtained from each ESP hopper. However, most of the ESP hopper samples
analyzed during the period covered by this report were obtained from the inlet hopper only. Sorbent
utilization determined from chemical analyses of ESP inlet hopper samples was always somewhat
higher than utilization determined from gas phase measurements.

3.5.2.2 Quench Probe Samples

To obtain samples of solids that are not over-utilized either by extended contact with flue gas on the
collection plates of an ESP or in a particle collection device, a specialized sampling probe was
designed and built. This "quench probe" is designed to capture an isokinetic sample of a flue gas
aerosol, immediately dilute the aerosol sample with hot filtered air, and convey the sample to a
heated filter where it is retained for subsequent analysis. Figures 3-6 and 3-7 show the basic elements
of the design of this device. In contrast to the gas sampling probes where the sorbent-SO, reaction
is quenched by heating, this device quenches the sorbent-SO, reaction by dilution with heated air.
At the tip of the probe heated air is injected into the sample stream through a section of porous
sample line. Thus, contact between sorbent and a solid surface is prevented until the sample stream
has been heated by mixing with heated dilution air.

This probe was first tested with unreacted sorbent on the filter. The probe was spiked with SO, span
gas that was diluted by a known amount of fresh air that passed through the porous section at the
end of the probe. Little (<2%) uptake of SO, by the sorbent was observed. Subsequently, in
comparisons of sorbent utilization determined from gas phase measurements and from chemical
analyses of solids samples obtained with the quench probe, utilizations measured with the quench
probe have always been less than utilizations determined from gas phase measurements. This is in
the direction that should be expected if the quench probe operates properly because gas-phase
utilization determinations can be increased by deposits of active sorbent inside the duct reacting with
SO, in the flue gas.
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4.0 INITIAL SYSTEM PERFORMANCE

During ine period Api.. ..0-May 3, 1990, the DITF was continuously operated on flue gas without
the addition of sorbent or water. During this week, preliminary measurements of concentrations of
certain flue gases, mass concentrations of suspended fly ash, electrical resistivity of fly ash, and
performance of the ESP were conducted. The results of these measurements are described in the
following paragraphs.

4.1 Gas Concentrations

Measurements of the concentrations of SO, and SO, (actually, sulfuric acid vapor) were made with
a Cheney-Homolya controlled condensation apparatus at the inlet to the ESP on May 1 and 2.
Measurements of HCl were made with another sampling device, which collects HC] in a bubbler
containing NaOH. At an average flue gas temperature of 315°F, the results of eight separate
determinations gave an average SO, concentration of 3204 + 66 ppm and an average SO; level of
30 + 3 ppm. Four measurements of the concentration of HCl gave an average result of 36.5 &
1.3 ppm.

4.2 Coal and Ash Properties
4.2.1 Chemistry of the Coal and Ash

The coal burned at Unit 5 of the Muskingum River power plant is reputedly highly consistent in
composition. No coal samples were initially available for analysis, but samples accumulated over a
period of several months later were analyzed. The results of those analyses are given in Table 4-1.
They confirm that the variability of the coal composition is within narrow limits.

The result of an analysis of the ash produced by igniting one sample of coal in the laboratory at
750°C is given in Table 4-2. A key feature of this analysis is the low percentage of CaO. This makes
the determination of CaO in an ash-sorbent mixture a fairly good indicator of the total amount of
sorbent present.

4.2.2 Electrical Resistivity of the Fly Ash

The electrical resistivity of the fly ash entering the ESP was measured in situ with a point-plane
resistivity probe. The data were obtained with the so-calied spark method, in which current density
is measured at the electrical field causing electrical brcakdown of the ash layer; the results are given
in Table 4-3. The values are in the range (2 to 3) x 10° ohm-cm. They are consistent with the
chemical composition of the dust and the measured values of the SO; concentration. The dust
resistivity is sufficiently low that the electrical conditions of the ESP wiil not be limited by the
collected solid matter as long as the dust consists of fly ash alone. The resistivity may be even lower
when sorbent is also present in an environment of lower temperature and increased water vapor
concentrations.
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Table 4-1. Coal Composition

Date of Sample

11/20/90 12/04/%0 01/08/91 02/06/91 03/05/91
% Moisture 752 10.52 6.46 6.07 8.87
% Ash 1233 11.67 12.84 12.26 11.73
% Volatile 37.16 36.09 37.42 38.17 36.10
% Fixed Carbon 4299 41.72 43.28 43.50 43.30
Btu/lb 11497 11238 11588 11802 11532
% Carbon 63.60 61.74 64.13 64.53 - 64.35
% Hydrogen 434 4.21 4.27 4.33 4.09
% Nitrogen 1.06 1.01 0.99 1.05 1.01
% Sulfur 4.50 4.07 4.11 4.24 3.97
% Oxygen 6.55 6.78 7.20 7.52 5.98
% Chlorine 0.04 0.04 0.05 0.05 0.02
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Date

5/1/90
5/2/90

Table 4-2. Coal Ash Composition

% Li,O 0.05
" % Na,0 0.60
% K;0 19
% MgO 12
% CaO 19
% Fe,04 188
% Al,O4 231
% SiO, 41.7
% TiO, 1.2
% P05 0.23
% SO3 1.8
Table 4-3. Fly Ash Resistivity
Gas Layer Electric
Temperature, Thickness, Field,
°F cm kV/em
312 0.141 11.7
314 0.102 17.2

4-3

Dust Resistivity,
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2.5x10°
22 x 10°
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4.3 ESP Performance
4.3.1 Performance Data

The results of determinations of the concentrations of suspended fly ash by EPA Method 17 are
shown in Table 44. Two determinations were made at the ESP inlet, and one determination was
made at the ESP outlet. The average inlet mass loading value of 3.96 gr/scf is consistent with the
coal ash content typical of this fuel (12-13%). The flue gas volume flow rate was close to the
intended value of 50,000 acfm. Inlet and outlet dry standard gas volumes were within 1% of each
other and indicated that very low air inleakage occurred in the ESP.

The value of outlet mass loading (0.0005 gr/acf) and ESP collection efficiency (99.998%) should be

- used with caution. The total filter and nozzle weight gain from the 72-min run was only (.18 mg. This

sample catch is one to two orders of magnitude lower than desired for accurate determinations. The
loss of filter fibers on the filter holder O-ring could easily produce errors larger than the total catch.
However, even if the measured value were low by one order of magnitude, the performance of the
ESP would still be excellent.

4.3.2 ESP Electrical Data

Voltage-current curves measured at the ESP with calibrated voltage dividers are shown in Figures 4-1,
4-2, and 4-3. Figure 4-1 shows data collected under air-load conditions (with clean electrodes) before
start-up. The air-load V-I curves indicate good electrical and mechanical conditions in the ESP,

Figures 4-2 and 4-3 show the V-I curves measured after periods of several days and one week on-line,
respectively. All of the curves were terminated upon reaching the current-limit or voltage-limit of
the T-R set and not because of sparkmg The curves are consistent with the low measured values
of dust resistivity, with 40-80 nA/cm? in all fields. They show no evidence of back corona. Very little
change can be observed in the V-I characteristics due to the additional time on-line, indicating the
ESP may be close to electrical equilibrium, providing that deposits on the discharge electrode do not
become a problem.

43.3 ESP Modeling

Revision 3 of the EPA/SRI Mathematical Model of ESP performance was used to simulate the ESP
under the measured conditions. A particie size distribution typical for PC boilers burning bituminous
coal (mmd = 16.3 um, o, = 3.4) was assumed. The results of the model run are shown in Table 4-5.
Since the dust layers in tge outlet field are not likely to have reached equilibrium in the short period
this ESP had been on-line, the particle emissions caused by plate rapping reentrainment are probably
lower than expected. Therefore, the results of the model calculations both including and excluding
the rapping adjustment are shown in the table. The actual performance is probably somewhere
between these two extremes.

Two sets of non-ideal conditions were used in modeling of the ESP. The results for each set of
non-ideal conditions are shown in the table. The non-ideal parameters describe the fraction of gas
sneakage per section and the normalized standard deviation of the gas velocity distribution (o

the ESP. The conditions of s = 0 and 0g = 0 describe ideal behavior, while the values of s = %) 05
and o = 0.15 generally correspond to operation observed in modern ESPs in good condition. Values
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Table 4-4. ESP Performance Data

ESP INLET MEASUREMENTS

Mass Loading Gas Flow SCA Temp Water Isokin

Date gr/acf  griscf  acfm dscfm  ft®/kacfm  °F % %
5/1/90 2.07 334 52292 32291 313 712 100.1
52/00 284 457 5269 32784 313 73 980
Average 246 3.96 52494 32538 313 73 99.1
18D 0.38 0.62 202 247 0 0.0 1.0
COV. 016 016 000 001 000 001 0.01

ESP OUTLET MEASUREMENTS

512/90 0.0005 0.0008 50493 32337 329 310 6.6 96.7

Table 4-5. ESP Model Results

Non-Ideal Parameters Without Rapping With Rapping
5 og Efficiency, % Penetration, % Efficiency, % Penetration, %
0.05 0.05 99,991 0.009 99.980 0.020
0.05 0.15 99.958 0.043 99.929 0.072
0.10 0.25 99.829 0.172 99.758 0.242

4-5



Y. nA/cm®

CURRENT DENSIT

100

80

60

40

20

DITF ESP VOLTAGE-CURRENT DENSITY CURVES
CLEAN-PLATE, AIR LOAD, WITH VD, 4/24/90

i

LI l J ¥ v ) ] ¥ L) L] L] ] ¥ ) | ]

[+
]
a
&

INLET FIELD
SECOND FIELD
THIRD FIELD
OUTLEY FIELD

lllj_lln,Ll'lll

//

i i I A [ 1 A

20 30 40
ESP VOLTAGE, kV

Figure 4-1. ESP air load V-I curves.



nA/cm?

CURRENT DENSITY,

DITF ESP VOLTAGE*CUHQENT DENSITY CURVES

FLUE GAS OPERATION, 4/27/90

r T ] ' ] 1) L ¥ ' 1 1) L} L I L ¥ l
100 -~ -
0 INLET FIELD
- | © SECOND FIELD d
& THIRD FIELD
- | & OUTLET FIELD .
e A -
80 &éf -
60 - / /. -
o . -~
. { {4 .
20 — 1 ./ O/ —
" 4/ o/ #/' -
i o" o° ]
o / -y
L ‘: " o/o’ 1
' l S | 2 1 l [ ' £ £ l [ 9 4 1 | 1 4 L
10 20 30 40 50

Figure 4-2. ESP V-I curves after several days of operation on flue gas.

ESP VOLTAGE, kV

4.7



CURRENT DENSITY. nA/cm’

DITF ESP VOLTAGE-CURRENT DENSITY CURVES
FLUE ¢As OPERATION, 5/2/90

] 1] 1) | L} l /l LB 1 L) ' k) 1] ¥ L l ] LI  § l
100 - :
O INLET FIELD
- | ® SECOND FIELD
| | & THIRO FIELD
A OUTLET FIELD
80 I~
60
R ®
40 - / o
‘md /°/
20 -
0 | N B |
10 40 50

ESP VOLTAGE, KkV

Figure 4-3. ESP V-I curves after 1 week of operation on flue gas.




TR T

of s = 0.10 and o, = 0.25 have been related to performance of older ESPs in questionable condition.
The measured performance previously indicated by Table 4-4 (which includes the effect of rapping)
is better than the performance under any of these modeled conditions.
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5.0 NOZZLE TESTS

5.1 Nozle Testing to Minimize Wall Wetting

A series of nozzle tests were performed to characterize the behavior of the Lechler and Parker-
Hannifin nozzles for a variety of nozzle configurations, air flow rates, water flow rates, and flue gas
velocities. The nozzle tests were carried out with spray injection in the horizontal test section of the
DITF, always with just plain water rather than sorbent slurry. The primary purpose of the nozze
tests were to determine which operating conditions affected wall wetting by the water spray.

A total of 48 separate nozzle tests were conducted in the first test series. Figure S-1 shows the
location of the duct wall thermocouples that were used to monitor wall wetting as well as the location
of the thermocouple used to measure the approximate adiabatic saturation temperature within the
duct. Figure 5-2 shows how the nozzies and nozzle holders (lances) could be arranged within the
duct.

Data from the nozzle tests are presented in Tables 5-1 through 5-4. Tables 5-1 through 5-3 show the
results of tests conducted with the Lechler nozzles; Table 5-4 gives the results of tests conducted with
the Parker-Hannifin nozzles. The tests summarized in Table 5-3 were performed afier a large port
in the horizontal duct (previous used by GE to install an atomizer) was plugged with an insert. It
had been speculated that some of the wall wetting along the top of the duct was caused by turbulence
induced by the port cavity.

The data in the four tables are arranged according to the placement and orientation of the nozzles.
Within each table, the test results are listed in order of increasing approach to adiabatic saturation
(that is, in order of diminishing approach temperature). Temperatures that are near the adiabatic
saturation temperature (134°F or lower) are shaded for emphasis. Unfortunately, data from all 48
tests could not be reported because the data acquisition system (DAS) malfunctioned during some
of these tests or because the instruments used to measure water flow rate or flue gas flow rate were
temporarily inoperable or incorrectly calibrated.

The data in Tables 5-1 through 5-4 should be interpreted with care. In particular, the approach to
adiabatic saturation temperature is subject to uncertainty; it was estimated by taking the difference
between the temperature at the inlet to the ESP and the adiabatic saturation temperature as
measured by a thermocouple located in the middle of the duct, 10 ft downstream from the nozzle
array, which was inevitably wet from the impaction of spray droplets. (The temperature at the inlet
to the ESP is measured by averaging the temperature reporied by three thermocouples located across
the duct immediately upstream of the inlet to the ESP; the temperature indicating the saturation
tempcrature is, as indicated, shown by a single thermocouple). A further basis for caution is the
possibility that temperatures reported in Tables 5-1 through 5-4 may be somewhat in error, because
these data were taken when software compensation rather than hardware compensation was used in
the conversion of thermocouple output to temperature. Hardware compensation was installed
subsequently. Specifically, Test 3 should be disregarded. The adiabatic approach temperature is not
consistent with a water flow rate of 10 gal/min.

Lechler nozzles. Six nozzles were used for all of these tests, with three nozzles per lance, located
at positions 2, 3, and 4 on each lance (for nozzle location, refer to Figure 5-2). Table 5-1 shows the
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Figure 5-2. Arrangements of Nozzles and Lances at the DITF.
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