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“This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of ther
employees, makes any waranty, express or implied, or assumes any legd lidbility or
responsbility for the accuracy, completeness, or usefulness of any information, gpparaus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercia product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily condtitute or imply its endorsemernt,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.”
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Abstract

This is the sxth Quarterly Technicd Report for DOE Cooperative Agreement No: DE-FC26-
OONT40753. The god of the project is to develop cost effective andysis tools and techniques for
demongrating and evauating low NOx control drategies and ther possble impact on boiler
performance for firing US cods. The Electric Power Research Indtitute (EPRI) is providing co-
funding for this program. This program contains multiple tasks and good progress is being made
on dl fronts. Prliminary results from laboratory and fied tests of a corroson probe to predict
waterwall wastage indicate good agreement between the dectrochemicad noise corrosion rates
predicted by the probe and corroson rates measured by a surface profilometer. Four commercia
manufacturers agreed to provide catdyst samples to the program. BYU has prepared two V/Ti
oxide cadyss (cusom, powder form) containing commercidly reevant concentrations of V
oxide and one containing a W oxide promoter. Two pieces of experimental gpparatus being built
a BYU to cary out laboratory-scde investigations of SCR catdyst deactivation are nearly
completed. A decison was made to cary out the testing at full-scale power plants usng a
dipsream of gas indead of a the Univerdty of Utah pilot-scale cod combugtor as origindly
planned. Design of the multi-catalyst dipstream reactor was completed during this quarter.  One
utility has expressed interest in hogting a long-term test a one of ther plants that co-fire wood
with cod. Teds to sudy ammonia adsorption onto fly ash have dearly established that the only
routes that can play a role in binding sgnificant amounts of ammonia to the ash surface, under
practicd ammoniadip conditions, are those that must involve co-adsorbates.
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Executive Summary

The work to be conducted in this project received funding from the Department of Energy under
Cooperative Agreement No: DE-FC26-00NT40753. This project has a period of performance
that started February 14, 2000 and continues through September 30, 2002.

Our program contains five mgor technica tasks.

evauation of Rich Reagent Injection (RRI) for in-furnace NOx control
demondration of RRI technologiesin utility boiler scaefidd tests
impacts of combustion modifications (including corroson and soot)
ammonia adsorption / removd from fly ash

SCR catdyd testing

To date good progress is being made on the overdl program. We have seen consderable interest
from indudry in the program due to our initid successful fiedd tests of the RRI technology and
the corrosion monitor.

During the last three months, our accomplishments include the following:

>

>

>

Completed licensng agreements with the Electric Power Research Indtitute (EPRI) and Fud
Tech, Inc. for Rich Reagent Injection (RRI) technology.

Completed laboratory tedts to evauate predictive capability of a corrosion probe under
controlled conditions.  Further work on anayss of the data for fidd tests performed at
Eadtlake Power Station has been performed. Preiminary results indicate good agreement
between the eectrochemica noise corrosion rates predicted by the probe and corroson rates
measured by a surface profilometer as part of the field and |aboratory tests.

Four commercid manufacturers of SCR catalysts have agreed to provide samplesto the
program. BY U has prepared two V/Ti oxide catayss (custom, powder form) containing
commercidly relevant concentrations of V oxide and one containing a W oxide promoter.
Thismakes for atotal of Sx SCR catalysts that will be tested under Task 4, four monolith
and two plate. Confidentidity Agreements were completed with dl the catalyst vendorsto
alow them provide samples.

Two pieces of experimenta agpparaius being built & BYU to cary out laboratory-scae
investigations of SCR cadyd deactivation are near completion:  the kinetic flow reactor
(KSR) and the in-situ spectroscopy reactor (ISR). Experiments in the KSR will focus on
obtaning the kindic coefficients and mechanidic information. Desctivation will be
determined by measuring specific intrindc  activity of custom and commercid catdyds
impregnated to different contaminant levels.  The firg gas flow through the reactor is
scheduled for end of January. The ISR is desgned to quantify species adsorbed on surfaces
during reaction and provide quantitative indication of acidity and active Ste mechanisms.
Congtruction of the ISR is nominaly complete and initid data have been collected.

A decison was made to conduct cadyd testing a full-scale power plants using a dipsiream
of gas ingead of a the Universty of Utah pilot-scale cod combustor as origindly planned.
Desgn of the multi-catdyst dipstream reactor was completed by the Universty of Utah



2

during this quarter. One utility has expressed interest in hogting a long-term test a one of
their plants that co-fires wood with cod. A contract modification has been requested from
DOE.

> A smies of tests for ammonia adsorption onto fly ash have been concluded thet clearly
edablish that the only routes that can play a role in binding sgnificant amounts of ammonia
to the ash surface, under practicd ammonia dip conditions, are those that must involve co-
adsorbates. The role of SO, has been hypothesized to be particularly sgnificant.
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Experimental Methods

Within this section we present in order, brief discussons on the different tasks that are contained
within this program. For smplicity, the discusson items are presented in the order of the Tasks
asoutlined in our origind proposal.

Task 1-Program Management

Licenang agreements for Rich Reagent Injection (RRI) have been completed with two
organizations. RRI was origindly co-developed by EPRI and REI. Through this DOE program
field tess of RRI in cyclone fired utility boilers have been performed that have generated
aufficient interest from industry to warrant edtablishing licenang agreements. RElI holds a
license from EPRI that dlows RElI to utilize RRI technology. Through this license, REl is
dlowed to enter into sub-license agreements with NOx control equipment implementers that will
inturn market, desgn and ingdl RRI technology in utility boilers. REI has completed a sub-
license agreement with Fud Tech, Inc. and is negotiging a sub-license with a second
implementer. Multiple implementers are desred to ensure utilities can implement RRI on a cod-
compstitive basis.

For the SCR Catdyst Evauation task (Task 4) it has been determined that it would be best to
perform long-term (9x month) tests with the reactor in the fidd a a utility boiler, rather than
usng laboratory scde tests. A request for a contract modification to alow this change in the
project plan has been submitted to DOE.

Industry Involvement

On December 14, 2001, project team members from REI met with senior staff members from
EPRI at their headquarters in Pdo Alto, Cdifornia. The REI team provided EPRI personnel with
an update on project datus and latest results. The meeting provided the opportunity to obtain
input from EPRI to ensure that our program continues to produce knowledge and technologies
relevant to the needs of the US utility industry.

Reaults from portions of this research program have been reported to indusiry through technica
presentations at two recent conferences.

A paper entitted “Use of CFD Modding to Evauae NOx Reduction Technologies in
Utility Boilers’ that was presented a the POWER-GEN International Conference hed in
Las Vegas NV, Dec 11-13, 2001 highlighted the use of CFD modeling to evaduate RRI
and other in-furnace NOx control strategies [Adams et a, 2001].

A paper entitted “Online Technique for Corroson Charecterization in Utility Boilers’
was presented at the United Engineering Foundation Conference on Power Production
in the 21« Century: Impacts of Fuel Quality and Operations, Snowbird, UT, October

2001 in which we described using the corrosion probe to evauate waterwal wastege in a
cod fired utility boiler [Linjewile et d, 2001].

Task 2 - NOx Control — LNFS/SNCR/Reburning
No substantia technical work was performed on this task during the last performance period.
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Task 3 — Minimization of Impacts

Task 3.1 Waterwall Wastage

In this quarter, work on the corroson probe focused on andyss of data obtained during
corroson measurements at the FirstEnergy Eastlake Power Station, near Cleveland, Ohio. In
addition, complimentary laboratory corroson measurements were conducted at the University of
Utah. Much of this work was funded through a grant from the Ohio Cod Development Office.
However, technology development that played a criticd role in making this fidd test possible
relied heavily upon this DOE supported task and is therefore discussed herein. To help facilitate
technology transfer and more rapidly disseminate the knowledge and experience gained from this
project, portions of the work described below were presented at a recent Engineering Foundation
Conference [Linjewile et ., 2001].

Analysis of Corrosion Measurements At Eastlake Power Station

Prior to the commencement of this program, the ECN probe had completed over 3000 hours of
extendve tesing in pilot-scade furnaces. These tests have focused on corroson mechanisms
amilar to those encountered in cyclone-fired boilers where corroson is limited and likdy a
result of primarily gas phase mechanisms. At Eastlake, corroson studies were extended to a full-
scde plant to invedtigate the effects of boiler operating conditions on measured corrosion rate.
The effects of boiler load, ash depodtion, and excess oxygen concentration were reported in the
previous quarter. In this quarter we examined the dfects of boiler load in the light of furnace exit
gas temperature (FEGT); and heat flux on corrosion rate. Some previoudy unresolved issues
involving the stability of the measurements are also addressed.

The messurements a Eadtlake involved testing a two furnace devations on the front wal,
occasondly referred to as probe locations A and B for the upper and lower furnace devations,
respectively. These were the hottest parts of the boiler where access was possble. The probe
sensor eements were maintained at about 450 - 460 °C. The boiler was operated in a “load-
following” mode, as such the load changed according to demand. Therefore testing was
conducted at a variety of load and excess O, levels.

Effect of boiler load and FEGT: Figures 3.1.1 shows a summary of corroson data gathered in a
period of 24 hours, when the probe was indtdled a the upper furnace devation. The data shows
the measured corroson rate as a function of boiler load and FEGT. As can be seen in this figure,
increesing the boiler load results in an increase in the corroson rae. It is dso gpparent that
changes in boiler load are closdy followed by changes in FEGT. Since the sensor plate
temperature is constant, the impact of FEGT on corrosion rate is likely indirect. Past experience
suggests that a high load more unreacted fud and reducing gases reach the wall.
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Figure 3.1.1. Corrosion rate and FEGT data during a change in boiler load.

An ingpection of the data collected over a period of three weeks showed periods of constant
boiler load were at 300, 350, 500 and 600 MW. Using these observations it was decided to
examine the effects of boiler load and oxygen concentration on corroson rate. The data were
reduced such that average values of corrosion rate and O, concentration were obtained during the
observed periods of congtant boiler load. The results of this andyss, presented in Figure 3.1.2,
showed that there are definite trends in corrosion rate as a function of boiler load and oxygen

concentration.
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Figure 3.1.2. The effect of steady boiler load and excess oxygen level on corrosion rate.

Effect of Heat Hux: The radiant section of a boiler represents the hottest region of a furnace.
Hab and Smith (1990) report that heat fluxes are commonly found in the range 200 — 500
kWi/n?. The eectrochemica noise probe has never before been tested in this region of a bailer.
Previous results (Davis e d., 2000) indicate that high radiant heat fluxes coupled with strong
reducing conditions are responsible for enhanced waterwdl corroson for high chlorine cods. It
is thought that high heat fluxes on waterwalls can be compounded by flame impingement. Hame
impingement may aso result in the direct trandfer of particulate matter (ash and unburned
carbon) to the waterwdl tubes. In addition, volatiles may be tranderred by this mechanism,
leading to existence of reducing conditions.

Sultz and Kitto (1992) present a method for measuring heat fluxes in boiler tubes when the
temperatures a two locations in the tube are known. A smilar gpproach was used here to
cdculate heat flux based on the probe's temperature-sensing dement. Figures 3.1.3 shows the
summary of loca heat fluxes for the lower probe devation. It appears that the corroson rate
responds to heat flux in the same fashion as boiler load and FEGT. Notice that the regions of
high corroson rate correspond to regions of high heat fluxes In this ingalation, soot blowing to
remove ash deposits was performed twice in every shift. Soot blowing could result in changes in
the heat flux experienced by the tubes and hence influence the corroson behavior.
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Figure 3.1.3. Effect of heat flux on corrosion rate.

Sability of Measurements The day-to-day stability of corroson measurements can be assessed
by viewing the daly corroson rate measurements and how they corrdate with the key operating
parameter, namely, the boiler load. Figures 3.1.4 and 3.1.5 show two such plots obtained from
the lower probe devation, three days apart. Qualitatively, corrosion activity is less a low boiler
loads and the levd of fluctuations in measured corroson rate is more limited. As the load is
increased from about 350MW to 600MW, the corroson rate aso increases with a marked
increese in the levd of randomness. It is adso noted that there was more randomness a the high
load on August 26" than on August 23 In order to improve our understanding of this behavior,
we examine the role of FEGT. The variation of boiler load with FEGT for the data of August
23" and 26™M is presented in Figures 3.1.6 and 3.1.7 respectively. An inspection of Figures 3.1.6
and 3.1.7 suggests that the stochastic nature of corrosion reactions observed in Figures 3.1.4 and
3.1.5 somewhat corrdates with the fluctuations in FEGT. This observation is more gpparent in
the data of August 26", where the FEGT appears to be very erratic due to some unidentified
operationa reasons and the randomnessiis reflected in the corrosion rate.
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Figure 3.1.4. Corrosion rate and boiler load on August 23, 2001 at the lower probe location.
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10

700 3000
600 o ) .
= 2500
B FEGT (F)
500 \ y
WWM 4 T2
s
S 400 e R
: N \. c
9 T 1500 5
— Boiler Load (MW) i]
3] (TR
= 300
[e]
)
= 1000
200
+ 500
100
0 0

8/22/01 19:12 8/23/01 0:00 8/23/01 4:48 8/23/01 9:36 8/23/0114:24  8/23/0119:12 8/24/01 0:00 8/24/01 4:48
Date and Time
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Figure 3.1.7. Variationsin boiler load and FEGT on August 26, 2001 at probe location A.

Corrosion Measurement Tests at the University of Utah Combustion Resear ch L aboratory

In order to effectivdly evduate the behavior of the probe under conditions where stoichiometry
and H,S concentration could be independently controlled, the probe was tested in the Ufurnace
a the Universty of Utah as shown in Figure 3.1.8. These tests were used for comparison
between eectrochemicad and profilometric corroson rates. The six-inch inner diameter U-
furnace is down-fired with a totd length of 22 ft. The burner is fired in the top of the firs
section. The cod feed rate is typicaly eight to ten pounds per hour, and at full load the furnace
resdence time is 25 s. The probe was inserted wedl downstream of the burner, section 4 of
Figure 3.1.8, such that mixing was complete. Staging ar was added downgtream of the test
section.  Fgure 3.1.9 shows the probe prior to ingalation into the U-furnace. The gas
compoasition in the testing zone was measured continuoudy by severa andyzers for CO, CO,, O,
and NOx. Hydrogen sulfide composition was measured by an FTIR spectrometer.
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Figure 3.1.8. Schemétic of the U-Furnace

Figure 3.1.9. Corrosion probe prior to exposure in the U-Furnace
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Five tests, shown in Table 3.1.1, were conducted in the U-Furnace a the University of Utah.
The gtoichiometric ratio for dl tests was held congtant at 0.85. The first basdline corroson tes,
Run la of Table 3.1.1, condsted of exposing the corroson probe in reducing conditions during
combustion of natural gas. This was chosen because of the absence of ash, HS and HCl under
such conditions. Figure 3.1.10 shows the observed corroson rate as a function time for a brief
period during the testing. It may be noted that the corrosion rate remained between 0.005 and
0.020 mm/yr in the absence of oxygen. The corroson rate excursons to 0.03mm/yr were
obsarved when the naturd gas was burned in oxidizing conditions. Upon switching back to
reducing conditions the rate dropped back to the 0.005 to 0.02 mm/yr range. It is worth pointing
out here that the high temperature corroson mechanisn in this case condds of
oxidation/aulfidation reactions. Hence under combustion conditions that exclude H,S, the
corroson mechanism is dominated by oxidation of a previoudy reduced surface.
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Figure 3.1.10. Basdline corroson rate in natura gas combustion, Run 1a

Table 3.1.1. Laboratory test matrix

Run Description Fuel Probe Temperature (C) Length of Test (days)
la Baseline Natrl Gas 450 5.1

1b Baseline Natrl Gas, Coal 450 0.9

2 1000 ppm H2S Natrl Gas, Coal 450 4.2

3 1000 ppm H2S Natrl Gas 400 2.2

4 200 ppm HCI Natrl Gas 450 1.7
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The second basdline test, Run 1b of Table 3.1.1, burned cod for the first haf and naturd gas for
the second hdf of the tet in the absence of BS as shown in Figure 3.1.11. Corrosion was an
order of magnitude grester during the combustion of cod than during combustion of naturd ges.
The inconggtency in the corroson rate during the firing of cod is due to the sporadic nature of
the cod feed system in the U-furnace. The cod feed system produces large periodic upsets in the
cod flow rate and thus the oxygen and fud concentration. During this run, it was observed that
changes between reducing and oxidizing conditions occurred every 15 to 30 minutes. Such
changes saw carbon monoxide concentrations shoot up wel over 3%. Therefore, it was
extremdy difficult to mantan a conggent soichiometry in the furnace for a long period of time,
Natura gaswas much easier to control due to the nature of the steady feed system.
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Figure 3.1.11. Basdline Run 1b. Probe response to combustion of coa and naturd ges.
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Run 2 of Table 3.1.1 was conducted in the presence of HS during the combustion of cod and
naturd gas. Cod was burned during daytime and naturd gas was burned a night. H,S was
continuoudy fed to Section 1 in Figure 3.1.8 of the Ufurnace for the duration of the test. The
corroson rate for this tet, shown in Figure 3.1.12, is goproximately five times that of the
basdine tets One interesting aspect of this test is that the corroson rae says reatively
constant throughout the test. Only 15% of the total testing time used cod for fud, the rest of the
tet was conducted under naturad gas combustion. It should be noted that the largest observed
corroson rate occurred during the basdine Run 1b.  This is possbly due to the massve
contribution in corroson rate during the cod combustion phase. The large corrosion rate was
probably a consequence of the dternaing reducing and oxidizing conditions discussed
previoudy. The results presented in Figure 3.1.11, Run 1b, suggest that a noticesble difference
in corroson rate should be apparent between the combustion of cod and naturd gas, however,
this is not the case in Run 2 where cod feeder problems were less severe and hence the
dominating factor in corrosion is H, S, experienced in both gas and coa combustion.
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Figure 3.1.12. Run 2. Probe response to 1000 ppm H,S at 450 °C in the U-furnace.
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Electrochemica Corroson Rates and Surface Profilometry: At the end of the teding the
representative  corroson rate was determined by integrating the raw dectrochemicd noise
corroson rate data using the trgpezoid rule and dividing the trapezoid sum by the length of the
tet. The sensor dements were cleaned with Clarke's solution, according to ASTM G1-81
sandard practice for cleaning corroson test specimens. After cleaning, the plates were scanned
in a surface profiler for estimation of corroson depth. A summary of corrosion rates obtained by
profilometry and edectrochemidtry from laboratory tests and fieldwork is presented in Figure
3.1.13.
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Task 4 - SCR Catalyst Performance under Biomass Co-Firing

The purpose of this task is to perform a combination of basic and gpplied R&D, with heavy focus
on laboratory and field tests, to develop a better understanding of the “red” costs associated with
usng sdective cadytic reduction (SCR) for cod-fired boilers usng US cods ad a
cod/biomass blend. Within thistask there are four principa sub-tasks:

Task 4.1: Technology assessment on fundamenta andyss of chemica poisoning of
SCR catdysts by dkai and dkaline earth materias

Task 4.2: Evaduation of commecada caadyss in a continuous flow sysem tha smulaes
commercid operaion

Task 4.3: Evauation of the effectiveness of catalyst regeneration
Task 4.4: Develop amodd of deectivation of SCR catalysts suitable for usein a CFD code

Sub-tasks 1 and 3 are being principdly performed a Brigham Young Universty under the
direction of Professors Larry Baxter and Cavin Batholomew. The work effort for sub-tasks 2
and 4 is being performed by REI, under the supervison of Dr. Congtance Senior, with assstance
from the Universty of Utah (Professor Eric Eddings and Dr. Kevin Whitty) on sub-task 2.

Task 4.1 Technology Assessment

The objectives of this subtask ae (1) to supplement the larglly complete SCR-cadyst-
desctivation literature with results from new laboratory-scde, experimenta  investigations
conducted under wdl-controlled and commercidly relevant conditions, and (2) to provide a
laboratory-based catalyst test reactor useful for characterization and analyss of SCR deactivation
suiteble for samples from commercid facilities, dipstream reactors, and laboratory experiments.
Two cadyss flow reactors and severd additiona characterization systems provide the
andytica tools required to achieve these objectives. The flow reactors include the in situ surface
spectroscopy reactor (ISSR) and the catayst characterization system (CCS), both of which are
described in more detall bdow. The ancillay characterization systems include a temperature-
progranmable surface area and pore Sze didribution analyzer, scanning eectron microscopes
and microprobes, and catalyst preparation systems.

The sample tet matrix includes two classes of catayss. commercid, vendor-supplied SCR
caaysts and BYU-manufectured, research catdysts The commercid cadyss provide
immediate relevance to practicd application while the research catadyst provides less fettered
ability to publish details of catdys propeties. The five commercid catayss sdected for use
come from mos commedadly dgnificant catdys manufacturers (Cormetech, Haldor Topsoe,
Hitachi, and Siemens) and provide a wide range of catayst desgns and compostions. The in-
house cadys dlows detalled andyss and publication of results that may be more difficult with
the commercid sysems This cadys suite provides a comprehensve test and andyss platform
from which to determine rates and mechaniams of catdyst deactivation. The result of this task
will be amathematical mode capable of describing rates and mechanisms of deactivation.
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Within the last performance period, design of the reactor systems at BYU was largely completed
and ingdlation subgtantidly initiated. Shekedown data from the ISSR were collected and
andyzed while congruction of the CCS is continuing. The status of mgor component of the CCS
is described first.

|SSR Overview

The purpose of the ISSR (Figure 4.1.1) is to provide definitive indication of surface-active
gpecies through in situ monitoring of infrared spectra from cataytic surfaces exposed b a variety
of laboratory and field conditions. The ISSR provides in dtu transmisson FTIR spectrometer
measurements of SO, NHs, and NOy, among other species. Absorption and desorption behaviors
of these and other species are monitored. Quantitative indications of criticd parameters,
including Brensed and Lewis acidities on fresh and exposed cadysts will be included.
Indications of coadsorption of NHs and NOx will help ducidate mechanisms and rates of both
reactions and deactivation.

During this quarter, the ISSR was exercised in shakedown mode and preiminary results were
obtained. Severd desgn changes were proposed, mainly deding with better temperature control
of optical components. A detailed report of progress on this reactor will be provided next quarter.
The overdl flow diagram for the reactor isillugtrated in Figure 4.1.1.
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CCS Overview

The cadys characterization sysem (CCS) provides capabilities for long-term catalyst exposure
tests required for ascertaining deectivation rates and mechanisms and a characterization facility
for samples from the dipstream reactor to determine changes in reactivity and responses to well-
controlled environments. Figure 4.1.2 illustrates the essentia features of this system up to the
andyticd tran. The andyticd tran is discussed later. This sysem Imulates indudrid flows by
providing a test gas with the following compostions: NO, 0.10%; NH,; 0.1%; SO, 0.1%; O,
2%; H,0, 10%; and He, 87.7%.

Fow is gengdly from left to right in Figure 4.1.1. Gray items represent Nationa- Instruments™ -
connected components which is discussed later. Bold lines represent hest-traced flow
components, while thin and dotted-thin lines are not heat traced, but are so identified so as to
diginguish from the different flow systems.

Both cusom and commercid catdyss are teted as fresh samples and after a variety of
laboratory and field exposures under both steady and transient conditions

The purpose of the CCS is to quantitatively determine deectivation mechanisms by measuring
gpecific, intrindc catdys reectivity of cusom (laboratory) and commercid cadyss under a
vaiety of conditions These cadysts will be impregnated with a variety of contaminants,
including Ca, Na, and K. In addition, the CCS will characterize samples of catdyst from
dipgream fidd tests to determine sSmilar data and changes in characteritics with exposure.
Advanced surface and compostion andyses will be used to determine compostion, pore Sze
digtribution, surface area, and surface properties (acidity, extent of sulfation, etc.).

During this quarter, mogt of the find desgns and pecifications were completed and materias
were ordered and (mostly) received. Much of the system has been constructed. The various
components and therr current status are summarized below in the gpproximate order in which
they are encountered by gases flowing through the system.

Helium functions as the carier gas in this sysem snce molecular nitrogen formed from NO is
measured as part of the data analyss. NOx derived nitrogen would represent an indgnificantly
amdl fraction of total nitrogen if nitrogen where used as a carier gas. There is no indication in
any literature of which we are aware tha subditution of helium for nitrogen in any way dters
rates or mechanisms of selective cataytic reduction of NOy on vanadium-based catdysts.

Gas Cylinders and Manifolds

Severd of the gases used in this experiment are toxic a cylinder concentrations, yet the only
feasble storage location of the gases is in the same room as the CCS and, more specificdly, the
personnd running the CCS. Therefore, standardized gas manifold systems that represent one
component for safe handling and use of such gases were developed. Neither BYU nor any of the
previous employers of any of the professonds involved in this work publish a standard gas
manifold system, so we adapted one used by the Pl in amilar Stuations a previous places of
employment. The standard system is documented in the Appendix.
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The gas regulator manifold includes pressure rdief and shut-off vaves that dlow the cylinder to
be changed with minima contamination of the sysem and minima gas leskage into the room. A

vent dlows purging of this manifold sysem and dso dlows for a rdease of the gas in case the
line over pressurizes.

OSHA-compliant gas cylinder mounting racks and separations are being inddled in the
laboraiory. The College sfety depatment is involved in reviewing dl inddlaions and
procedures.

Check Vaves 1-3 prevent backflow of gases to the cylinders. Two zeolite traps caich
hydrocarbon contaminants (if any). These zeolites aso trap SO2, NHs, and NO are therefore not

used on lines desgned to contain these gases. Filters 1 and 2 caich zeolite particles that may
leave the traps.

Status

Pats for dl manifolds have arived. Mounting racks and manifolds should be ingdled ealy in
the next reporting period.

+La
_____ ,, g 1

Figure4.1.2 Summary schematic diagram of the CCS up to (but excluding) the andytica tran.
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Mass Flow Controllers and Solenoids

Mass flow controllers (MFCs) meter a totd of five gases, with controllers adapted to specific
properties of gases being used where necessary. Solenoids provide automated gas line actuation
after the controllers and are part of both the control and the safety system. The controllers alow
for both manua and computer interfaces. All require dry gases for accurate control. The MFCs
are the fird mgor control component in the flow line. A picture of the current ingalation is
indicated in Figure 4.1.3.

Three basc gas mixtureflow dircuits exig. an O,/He mixture (Circuit A), an SO,/He mixture
(Circuit B), and an NO/SO,/NHz mixture (Circuit C). This desgn dlows for operation of
different reactors under different conditions. Table 4.1.1 indicates the flow conditions that
correspond with the desired type of operation of each reactor. Each reactor may be operated
under such conditions, regardless of what type of flow isfed to any other reactor.

Table4.1.1 Flow streams used for desired reactor condition.

Reactor Flow Circuits Activated
Operation

Purge A only
Reaction AandB
Conditioning Conly

This dedgn dso ddays mixing of reactant O, with NO, NHs, and H,O as long as possible to
avoid any premature reactions. Findly, this desgn avoids dissolution of NO, SO,, and NHs in
the water bubbler used to humidify the gas fed to the reactors. The O, and He in Circuit A carry
the water vapor, which mixes with Circuit B just prior to entering the reactor.

Two sats of MFCs, gppear in two columns in the drawing. The first set was discussed above.

The second set controls flows through Circuits A, B, and/or C so that each reactor receives a
constant space velocity. The 2way Solenoid Valves 1-8 adlow each gas stream to be switched on
or off, and will fal-to-close s0 that gas flow can be shut off to each reactor in case of emergency
or to change the catdyst. The 3-way Solenoid Vaves 14 sdect either Circuit B or C for each
reactor as mentioned above. The MFCs are cdlibrated for the mixture in Circuit C, but dso
function with mixture in A and B. It is not crucid that purge and conditioning flow compostions
and flow rate be as precisdly controlled as the reaction mixture, dthough smple cdibration
modifications dlow essentidly the same precison of control when the sysem is operated by
computer.

Between the sets of MFCs are back-pressure regulators on each of the flow circuits (A, B, and
C). These prevent fluctuations in MFC peformance tha would result from mismatched flow
rates between MFCs 16 and MFCs 714. The pressure gauges next to these regulators indicate
pressure fluctuation that affect MFC performance.



Figure4.1.3 Massflow contrallersfor the CCS.

Statusof MFCs

The MFCs and many of the vaves, tubing, and other ancillary components between them and the
remaning system are inddled. Stainless tubing and Swagdock™ fittings are used for most flow
systems.

Bubblers

Coa combugtion stack gases typicaly contain about ten percent water vapor. A water bubbler
maintans dmilar water concentrations in the CCS (Figure 4.1.4). The congtant-temperature,
heated auminum block of the bubbler determines the water concentration in the exit dream,
assuming equilibrium conditions prevail. Each of the four reactor flow lines within the CCS
includes an independent bubbler.

NO, NHs, and SO, streams bypass the bubbler since water absorbs each of these gases and they
are present in smal quantities Furthermore, moisture in gases compromises both the accuracy
and the durability of the mass flow controllers, so the bubblers gppear downstream of dl flow
contrallers. Helium and oxygen, which comprise the overwheming fraction of the totd gas flow,
bubble through the water. The water content of the He/O, siream must exceed ten percent for the
fina concentration to be on target.
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The bubbler design pressure is 34.5 kPa (5 psig) and 70 °C. Each bubbler consumes about 34 mi
of water per day. Gravity-driven fill tanks maintan water levels in each bubbler. All tubes
downstream of the bubbler are heat traced to prevent water vapor from condensing in the lines.

He, Q, H0

T Closed Water
Reservoir

1/4 inch SS tubes—»

<«—— 1/2inch SS tube
He, O, Y

—
EEEE— on/off valve

- -
4+——— 2inch SS pipe

Constant Temperature
Aluminum Block

Coarse Frit ——» | &

Figure4.1.4  Schematic diagram of congtant-temperature bubblersingtaled in the CCS.

Status

The bubbler desgn and drawing has been completed and submitted to the BYU precison
machining lab for congruction. The machine shop estimates tha the bubbler will be finished by
Jan. 20, 2002.

Reaction Chambers

The four reactor lines in the CCS smultaneoudy characterize up to four cataydsts, one in each of
up to four reaction chambers. The CCS includes two types of reaction chambers. The reactor
chamber for laboratory samples comprises a 3/8” tube that houses a powdered catdyst sample. A
second reactor chamber provides a dte suitable for characterization of the samples from the dip-
sream fidd reactor. The second chamber includes a 5.7 cm (2.25 in) square cross section to
meatch the sze of the monolith samples from the dipstream fidld reactor. The plate-type samples
will be cut to fit these dimensions.
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Status
Two furnaces control the temperatures in two reactors gpiece. The furnaces have duminum
inserts that enclose the reactor tubes to facilitate uniform heating. These furnaces have been
purchased and indaled. They have been mounted verticdly, and have digitd temperature
control.

Filters

Two dntered metd filters in series follow each reaction chamber. The filters remove particles
larger than 15 microns and 5 microns, respectively. The filters protect the downstream anaytical
equipment. Both catdyg atrition patides and ammonium bisulfate will collect in the filters
Each filter dement is replacesble to dlow easy maintenance and diagnoss of particulates in the
line.

Status
The filters recently arived from the manufacturer and are scheduled for inddlation in early
January.

Anayzer Subsystem

The andyzers a the end of the sample train (Figure 4.1.5) provide quantitative data regarding
feed dreams and products from the four reaction chambers. The andyzers and ancillary
equipment are described in the following section.

Analytical System

Vent

HZO Vent

Knockout
Selector
Valve

Figure4.15 CCSandyzer subsystem flow diagram.
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Pump
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Ten-way Selector Vave

A computer-addressable, ten-way sdector vave provides andyzer access to each of the four
reection chamber inlets and each of the four outlets. All streams not directed to the andyzers are
combined in asngle linethat is treated and vented.

Status
Thevdveisingdled and interfaced with the computer and control system.

NH3/SO, Analyzers
A Rosemount 2000 series ammonia and sulfur dioxide andyzer arived from the manufacturer
this quarter. The analyzer includes hegt-traced tubing to prevent condensation.

Status
The andyzer has been received and iswaiting to be ingtalled

Condenser Design

The condenser dries the sample stream before passing it to the gas chromatograph and NOy
andyzer. The condenser cools the gas in an ice bath to near 0° C. The condensate periodically
drainsthrough abal vave.

Status
The condenser will be ingaled &fter the andlyzer inddlation.

Gas Chromatograph System
The gas chromatograph (GC) works in pardld with the NOy andyzer snce nether requires high
flow rates. The GC quantitatively andyzesfor N, Oz, and N,O using helium asacarrier gas.

GC Status

The GC scheduled for ingdlation in this sysem comes from previous systems in the lab where it
has an established record for rdiable and accurate results. Inddlation will follow tha of the
condenser.

NOy, Anadyzer

The Thermo Environmenta Insruments Modd 42H chemiluminescence NOy andyzer quantifies
the NO and NO, concentrations in a sample stream. Inddlation of this andyzer will follow that
of the upstream systems.

Data Acquisition and Control Systems

The CCSisdesigned to alow manua control of al components. However, computer-based data
acquisition and control provide more convenient and possibly more reliable means of collecting
data during the long-terms tests for which the CCSis designed. Nationd Instruments™
LabVIEW™ software provides the data acquisition and control platform for the CCS. The
relatively recent FieddPoint™ technology is used to manage the acquisition and control Sgnds,
providing severd operationd and rdiability advantages.



26

Fourteen FedPoint™ modules acquire the data on our system. The modules are networked
according to the fallowing figure,

FP-1000 =310 T A0 [ Atio [ Al-iio | AGZI0 | AGZI0 | DUAL
[ \_|Ep-
FP-1000 Y220 [ RLv-420 | Riv420 | DI | TG0 | TG120 | TG120

Figure4.1.6  FeldPoint™ module network scheme (cross reference with Appendix).

FP-1000 represents the base FiedPoint™ module. It connects to the computer through a serid
cable. The speed of the protocol through the serid cable is sufficient for the needs of this
experiment. The FP-1000 uses an Optimux protocol to communicate with the other modules on
the network. The relays (RLY-420), digitd input (DI-330), and thermocouple modules attach to
the main termind. This dlows optimd placement for the RLY and DI to control the multi-
position vave actuator after the reactors and gather data from the thermocouples, but will require
the extended wiring of the RLYs to the solenoid vaves. The networked FP-1001 controls the
mass flow controllers (MFCs) and resides close to the MFCs. However, since the anaytica
system requires wiring to the Al, the dud control module (which dlows control of the andytica
devices) is placed on this module sequence as wel. All of the channeds on dl modules are
summarize in Appendix 1.

Wiring is conddered second in priority to insrumentation placement. Lengths of wires that carry
andog dgnds ae minimized while those that carry digitad sgnds or only voltage don't meatter.
For this reason, solenoid valves were wired across the system to a power supply placed out d the
way on a shdf high above the insulated furnaces. The solenoid vaves are wired especidly to
dlow ether manua control or computer control. To avoid confusion they are firg wired to a
medter toggle switch that controls whether manuad or FddPoint™ will actuate the solenoid
valves.

The solenoid wiring and control scheme (Figure 4.1.7) provides safety and operaiona control
for the gases used in the CCS, severd of which are toxic a gas cylinder concentrations. A
representative wiring diagram for this sysem is summarized in Figure 4.1.7. Both manud and
automated switching of individud solenoids is provided with manua switching overriding the
automated sysem. A mader manud switch is provided primaily for safety (emergency
shutdown) reasons. To avoid clutter, only three of sixteen wiring and control loops are
illustrated.



Figure4.1.7

Gases pass through the solenoids and mass flow controllers into bubblers (He and G only) and
mixing plenums, eventudly ariving a the reaction chambers. The reaction chamber control
system (Figure 4.1.8) provides, as currently configured, three types of actions. The logic diagram
for these actions indicates automated control sequences for purging, conditioning, and running
eech reaction chamber. These conditions combine with conditions with the reector off and the
furnace door open to define the five current computer-controlled operating conditions of the
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Schematic wiring and control diagram for solenoid operation in the CCS.

system. Specifically, these conditions are as follows:
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2. Reactor
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3. Run Cadys
Test
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This function serves the purpose of not only dearing the lines to the
reector, but dso clearing the gas in the catalyst. The following logicd
steps are required to purge the reactor:

a. Communicate to the multi-pogtion valve actuator to skip over
both the feed and the reactor exhaust because it does not need to
be andyzed. This will increase the amount of andyss on the
other reactor during thistime.

b. Switch the 3-way solenoid vave 5, 6, 7, or 8 away from water
bubbler. (Which solenoid switched depends, of course, on which
reactor has been selected to purge. Reactor 1 purge will require 3
way solenoid 5 to be switched etc.)

c. Set MFC 7, 8, 9, or 10 to zero. The purge gas will be a HE/O, -
only mixture. (Agan, s&t the MFC that corresponds with the
appropriate reactor. Reactor 1 purge will require MFC 7 to be set
to zero.)

d. Switch 2-way solenoid vave 1, 2, 3, or 4 closed. This will be
closed to prevent back flow and increase safety while this line is
not in use.

e. Recaculate MFC 3, 4, 5, & 6. The flow rate needed from these
will decrease because this gas mixture is no longer needed
through the reactor.

f. Recdculate MFC 1 & 2. These vadues will probably not change,
but it is good practice to recaculate dl initid MFC set points for
any experimenta changes.

This function sarves the purpose of possble dudying catays
activaion. (As seen, for example, in Dynamic Investigation of the
Role of Surface Sulfates in NOy Reduction by Orsenigo eta) Also, to
obtain optima results we will want to condition the catalyst before
every run. The following steps are required to condition the reactor:

a. Check multi-postionvave to vent? (It is to take data points to
andyze the changes in concentration during a conditioning run. If
50, the feed and resctor exhaust are directed to the andyzers
rather than vented.)

b. Switch 3-way solenoid vave 1, 2, 3, or 4 from SO.

c. Open 2-way solenoid valves 1& 5, 2& 6, 3& 7, or 4&9.

d. Switch 3-way solenoid vave 5, 6, 7, o r 8 to bubbler??? (It is
uncleer that this point if waer is desred during condition of
catalyst.)

e. Caculate MFC 7& 11, 8&12, 9&13, or 10& 14.

f. Recaculate MFC 1 through 6.

This is the centra function of the reactor and man purpose for
building this reector sysem. It will involve the full cgpacity of the
andyticd sysem and will, of course, require the most precise
programming. The following basic sepswill be required.



4. Reactor Off

5. Open Furnace
Door

29

Confirm that Purge and Conditioning has been performed.
Open 2-way solenoid valves 1&5, 2&6, 3&7, or 4&9.
Switch 3-way solenoid valve 5, 6, 7, o r 8 to bubbler.
Switch 3-way solenoid valve 1, 2, 3, or 4 from NO.
Calculate MFC 7& 11, 8& 12, 9& 13, or 10& 14.
Recdlculate MFC 1 through 6.

Allow multi-position valve to choose for andysis.

Set NH3/SO, Analyzer controls and acquire data.

Set G.C. Analyzer controls and acquire data.

Set NOy Anayzer controls and acquire data.

T ST@TO o0 o

Currently, there are two reactor in one furnace. The procedure if this
option is selected will beto:

a. Purgethe reactor for a specific amount of time.

b. Switch 2-way solenoid valves 1&5, 2& 6, 3& 7, or 4& 8 closed.

Cc. Set MFC 7&11, 8& 12, 9& 13, or 10& 14 to zero.

d. Recaculate MFC 1 through 6.

This is a function separate from the turning the reactor off, because of
the fact that each reactor shares the furnace with another reector. If
the door were to be opened prematurely noxious and hot has would
be released into te room. This function ensures that the furnace door
is safe to open. It only requiresto time consuming steps.

a.  Run reactor off function for reactor selected.

b. Check and make sure companion reactor is off.



,l Open Reactor Door |-+ 1. Tun Off+ -+

A
Turn Ref{ctor Off]

4

Reactor 1

---Condition Reator-

30

Run Reactor

Reactor Off——»

Reactor 2

-------Condition Reactor

P S |

PR 2 Purge- ev % et Ev et et et ey ev et ey e wn 3 CloseValveS"--"- < 4, Check Reactor -
’ Y
1. Purg 2. Switch both 2-way solenoid valveq
. closed. (1&5, 2&6, 3&7, or 4&8)

Purge Reactor

To Purge:
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To Condition:

1. Check Multiposition -valve to vent.

2. Switch 3-way solenoid valve (1, 2, 3, or 4) to SO2.

3. Open 2-way solenoid valves (1&5, 2&6, 3&7, or 4&9).
4. Switch 3-way solenoid valve (5, 6, 7,01 8) to
bubbler???

5. Calculate MFC 7&11, 8&12, 9&13, or 10&14.

6. Recalculate MFC 1 through 6.
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To Run:

1. Confirm that Purge and Conditioning has been performe
2. Open 2-way solenoid valves (1&5, 2&6, 3&7, or 4&9).

3. Switch 3-way solenoid valve (5, 6, 7, o r 8) to bubbler??
4. Switch 3-way solenoid valve (1, 2, 3, or 4) to NOX.

5. Calculate MFC 7&11, 8&12, 9&13, or 10&14.

6. Recalculate MFC 1 through 6.

7. Allow multiposition-valve to choose for analysis.

8. Set NH3/SO2 Analyzer controls
9. Set G.C. Analyzer controls.
10. Set NOx Analyzer controls.

v

Aquire NH3/SO2, GC, NOx
data for analysis. Tag data
for correct reactor system.

Process Control Summary

start with reactors

Figure 4.1.8. Reaction chamber process control summary.

Catalyst Preparation

Commercia and laboratory catdysts provide the bass for data andyss in these systems. The
primary purpose for including a laboratory catdyst revolves around unrestricted publication of
al properties and property changes it exhibits during testing. The BYU SCR group is therefore
preparing this catdyst for both characterization in our laboratory reactors and ingdlation in the

field reactor.
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The Ti-W-V laboratory catdyst smulates many aspects of a typicd indudria catdys. Atomic
ratios of 90% Ti: 8% W: 2%V typify commercid catdysts. The species present in the find (pre-
conditioned) catdys include TiO,, WO3, and V20s. The raw materials used to produce these
gpeciesinclude anatase TiO» powder, anmonium metatungstate, and ammonium metavanadate.

Two types of catdyst will be prepared — a catalyst powder and a catdyst coated monolith. The
powder catalyst includes the anatase form TiO, impregnated with the vanadium and tungden in a
solution followed by drying and cacining in ar. This results in a metd oxide cadys. Dow
Corning provided ceramic monoliths that will be used to prepare the wash-coated catalyst. These
coated monoliths will be ingdled in the SCR fidd reactor. The basic procedure to prepare the
coated monalith is:

1. Cut the monalith into pieces suitable to fit into the field reactor (gpprox 2.25" squares).

2. Immerse the monoalith piecesinto an acid bath to roughen the surface.

3. Grind some of the TiO» to a particle Sze suitable to form a composite.

4. Prepare adurry of the TiO» to incipient wetness.

5. Dip and dry the monolith repestedly to the desired weight percent of TiO..

6. Prepare a solution of the tungsten and vanadium.

7. Dip & dry the monalith repeatedly to the desired weight percent of tungsten and vanadium.
8. Cdcinethe monalith in air to leave only the desired metd oxides in the wash coat.

Status
The catayst preparation is underway. All necessary reagents and equipment are ready and
monoliths have been cut using a diamond saw.

Task 4.2 Evaluation of Commercial Catalystsfor Power Plant Conditions

The objective of this task is to evaluate SCR costs a a deeper level and to improve estimates of
actud cods. One of the prime motivations for this program is to look a the influence of the
dkdi and dkdine earth dements in biomass and how those affect SCR catdys when biomass is
co-fired with cod.

Desgn of the multi-catalyst dipstream reactor was completed by the University of Utah during
this quarter. Before beginning the detalled design, a decison was made to carry out the testing at
ful-scale power plants usng a dipstream of gas ingead of a the Universty of Utah pilot-scae
cod combustor as origindly planned. Since the scope of work for Task 4 was proposed and
goproved a sgnificant amount of new information has come to light that impacts how we should
proceed on this subtask. Conversations with EPRI, University of North Dakota EERC, Southern
Company and catdyst manufacturers that have previoudy done dipstream testing of catadys, as
well as review of the more recent literature that was not avalable a the time of the origind
proposa has shown that a minimum of sx weeks (1000 hours) is needed to see sgnificant
deectivation. Even longer time will be required to get the information on deectivation as a
function of time tha is needed for developing a kinetic mechaniam. Thus the origind idea of
three months per coal mixture does not now appear to be adequate.

The flow system testing was to have been caried out a& the Universty of Utah's large cod
combugtion facility (L1500). However, if the length of testing were extended in order to see
ggnificant deactivation, the cost of carrying out the tests would be greatly increased because of
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additional codts for fud and operating labor. Therefore, it was decided that dipstream testing for
gx-month periods should be caried out a full-scale utility power plants in order to ensure that
the cost is affordable and to obtain an even better representation of the flue gas than origindly
planned.

We plan to test & one plant tha burns a cod containing a sgnificant amount of akdi (western
subbituminous such as a Powder River Basin cod or a lignite) and a one plant burning a oal-
biomass blend. One utility (Allegheny Energy) has dready expressed great interest in hogsing a
long-term tet at one of their plants that co-fire wood with cod.

Deectivation of the cadysts will be measured in the laboratory under controlled conditions and
in the fidld uang CEMs. A section of the catalyst would be removed periodicdly and taken back
to the KSR a BYU where the activity would be measured under well-controlled conditions.
Discussons with catdyst vendors have suggested that it is critical to remove cadyst samples
periodicdly from the flow reactor and test ther activity under wel-controlled laboratory
conditions.

Fed measurements of NOx will provide additiond information on catdyst deactivation. There
are two approaches to quantifying catdyst deactivation in the field from the dipstream reactor
tests:

1. Periodic measurement of inlet/outlet NOy

2. Long-term, continuous measurement of inlet/outlet NO

In Method 1, which has been used by other groups such as University of North Dakota EERC,
inlet and outlet NOy are only measured a the time that the catdys is removed from the field
resctor, typicdly every 4-8 weeks. At that time a portable continuous emisson monitor system
is used to measure inlet and outlet NOy for a short period of time (typicdly for severd hours),
thus giving a sngpshot of the activity in the fidd.

In Method 2, the inlet and outlet NOs are measured using a dedicated, continuous emisson
monitors throughout the entire duration of the test. The advantages of Method 2 are that one
obtains a curve of deactivation as a function of time, which can be used to infer kinetic
mechanisms, as well as activity data under more relevant conditions. Method 1, by contrast,
only gives points (and infrequent ones at that) on the deactivaion curve. The conditions in the
dipstream flow reactor (temperature, NOy, water, etc.) will, in dl likelihood, not be congtant, and
it will be hard to correct the observed activity for all those changes. Added to that concern is the
difficulty of getting accurate and rdliable inlet and outlet NO, measurements for several months.

We had planned origindly for only online measurement of NOy, SO, and ammonia in the
dipsream reector testing usng exiging equipment a the Universty of Utah. However, moving
the reactor teting to a power plant dipstream increases the cost of making continuous
messurements of gas compodgtion. More rugged, fidd-ready equipment (particularly
ingrumentation capable of unattended operation for long periods of time) would have to be
purchased or |eased.
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Ontline continuous measurement of NOy at the inlet and outlet of the flow reactor (Method 2)
would provide unprecedented informetion on catdys activity as a function of time, which would
provide a more detailed description of deactivation and would serve to enhance the laboratory
measurements of activity. In order to achieve sx months of teging at each of two power plants,
as we have proposed here, on-line measurement of NOy would be an added expense that would
preclude long-term testing with different fuds. The gpplicability of the desctivation modd will
amog certainly be greeter if two different fuels (low rank and cod-biomass blend) can be tested.
Thus, long-duration on-line measurement of NOx will not be made on the multi-catalyst reactor
unless sufficient additiona funds are secured.

Dedgn of the dipdream reactor was completed during this quarter, including the specific
hardware needed for deployment at Allegheny Energy’s Albright Station. Figure 4.1.4-3 shows
a schematic of the multi-catalyst reactor. The reactor will be attached to boiler a the economizer
outlet (where approximately 250 scfm of gases will be withdrawvn through a probe inserted in an
exiging port) and a the ar heater exit (where the gases will be exhausted through an exigting
port after passng through the reactor). The reector itsdlf is gpproximately 8 feet long, with a 25
x 30 inch footprint, and weighs approximately 500 Ibs. The reactor will be wdl insulated and
securely fastened

The reactor will draw boiler gases through a four-inch, 150 Ib sted flange with a 48" piece of 3
inch schedule 40 SS pipe welded to it will be mounted on the exigting port's flange. The pipe
will be inserted into the duct through the flange; this will dso be cdled the boiler suction tube
because its function is to withdraw a sample from the gas in the duct. The pipe will be welded to
a 6” 150 Ib flange right after passing through the 4" flange. A 6" knife vave will be bolted on
next; the vave houdng is 30" long. Anhydrous ammonia will be introduced into the dipstream
just downstream of the knife valve. A 6" ID dbow turns downward and is connected to flexible
6-inch "chimney pipe' that changes from round to rectangular to enter the catalyst housing. The
housng is ~20" x 15" x 50’long. On the bottom of the catdys housng is a bank of venturi
flowmeters and eductors to draw the exhaust gases through the gpparatus. From here the shell
returns to 6’DD SS spird-wound gas-tight pipe that extends to the next row of ports a the Air
Preheater outlet in order to return the gases to the system.
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Figure 4.1.4-3. Schematic of Multi-catalyst Sipstream Reactor.

The reactor is desgned to require as little operator intervention and maintenance as possible.
Operation of the dipstream reactor will be monitored by REIl via remote access of the control
system usng a dedicated phone line. REI will notify the plant of any mgor changes in datus or
operation of the reactor. REI may ask the plant to make minor modifications to the reactor as
required. REl will arange for ddivery of ammonia tanks to the plant. Periodicaly the plant
personnd will be required to change out anmonia tanks and see that empty tanks are removed.

Six catdysts will be tested, four monalith and two plate. Four commercid manufacturers agreed
to provide samplesto the program. During this quarter, Confidentidity Agreements were
completed with al the catalyst vendors to alow them provide samples. Five of the catdyststo
be tested will come from catdyst manufacturers. The sixth catdyst will be a generic vanadia-
titania catalyst formulated a BY U.

The catdysts will be configured as shown in the Figure 4.1.4-4. The four monolith cataystswill
be ingtdled in four sections each. Each section will have a cross section of 2.25 by 2.25 inches,
and will be housed in a48 inch long duminum sguare tube with outer dimensions of 2.5 by 2.5
inches and 1/8" wall thickness. The overal cross section of each monoalith catalyst will be 4.5 x
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4.5inches. Thefour tubes will be bunched together as a square with outer dimensions 5.0 x 5.0
inches.

2.5" out 5.0" out

< >
- A
3
o
o -
N 3
o
1ol
Y
. 2.25'x 2.25? . 4.75.x 4.75 1/8" wall thickness
inner dimension inner dimension

Figure 4.1.4-4. Cadyst Configuration in Multi-catalyst Reactor.

The plate cataysts will be housed in square auminum tubes with an ingde dimension of 4.75
inches (5.0 inches outside, 1/8" wall thickness). Roughly 20 plates will be placed in the tube,
resting in dots along opposte wals. This configuration will have the same outer dimensiors as
the groupings of monolith cataydts.
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Catdys samples will be taken three times during the
testing period in order to diagnose deactivation.

Original

I
|l
(] Samples of monolith catdys will be taken by removing

one of the four chambers entirdy. The opening tha
ﬂ remans will be blocked off a the inlet by a doped cover
| | to minimize ash deposition and flow disturbances.

I :
T First sample Plate catdyst samples will be taken by removing every

fourth plate, and replacing it with a nonreactive dummy

ﬂ plate.

I The order of catalyst remova is shown in Figure 4.1.4-5.
Blocked monalith chambers are shown by a gray square.
Second sample  Non-reactive dummy plates are shown in gray. Monoalith
chambers are removed darting from the outsde in order
ﬂ to keep the profile as centered and uniform as possible.

The open cross section of the catalyst system decreases as

. samples are removed. To keep the flow veocity constant
Third sample through the chambers, the overdl flow through the
sysdem is decreased correspondingly as catdysts are

removed, as described above in the section on the flow

Figure 4.1.4-5. Catays Sampling control sysem. In terms of the initid flow through the
Scheme system, the overdl flow follows the progresson 100%,

83%, 67%, 50%. The pressure drops across the six
catadyst sections (divided by catalyst type) are adjusted so that they are identica to each other.
Thus, the flow veocity per catdyst chamber should be the same throughout the duration of the
tests.

Task 4.3 Evaluation of Catalyst Regeneration

The focus of this sub-task is to evauate the effectiveness of commercidly vigble catayst

regeneration techniques. Regeneration of catalysts used in Subtask 2 will be investigated at BY U

using water and solvent washing techniques. At aminimum, two regeneration techniques will be

used: water and sulfuric acid washing. Additional regeneration techniques may be attempted,

depending on the success of these two. Catalyst activity before and after each rinang will be

reported.

Within the last performance period, mechanisms of cadys reectivation have been explored
based on both literature results and experience of other, mostly European, inditutions. Severd
promisng reectivation mechanisms have been edablished. However, serious investigation of
these will await the results of the deactivation mechanisms within this project.
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Task 5 - Fly Ash Management/Disposal

This task deds with the undesrable adsorption of ammonia on fly ash associated with the
operation of advanced NOx control technologies such as sdective catdytic reduction. The task
examines the fundamentas of the adsorption process as well as the fundamenta process
underlying potentia techniques for post-combugtion remova of adsorbed ammonia.  This task is
being peformed a Brown Universty under the leadership of Professors Bob Hurt and Eric
Suuberg. The previous (Fifth) Progress Report focused on Task 5.2- Ammonia Removd. During
the present reporting period, atention was once again mainly directed a Task 5.1- Ammonia
Adsorption Mechanisms.

Task 5.1 Ammonia Adsor ption M echanisms

In the Fourth Progress Report, it was concluded that sgnificant amounts of pure ammonia
adsorption could take place on the surfaces of fly ash, and that the unburned carbon in the ash
dominated this adsorption process. That work was primarily performed at 0°C. It had also earlier
been concluded that pure ammonia adsorption could not explan the high ammonia uptekes
obtaned in actud fidd samples or in laboraory samples produced in smulated flue gas
environments. There was a concern that the temperatures of the earlier experiments might have
been one contributing factor in the observed low uptakes. During this period, pure ammonia
adsorption was therefore sudied over awider range of temperatures.

The experimental procedures employed for characterizing ammonia uptake have been described
in previous progress reports. Briefly, the technique involves exposing a sample of fly ash to a
precisdly measured pressure of pure ammonia, while mantaning sysem temperature constant.
The equipment used for this purpose was an Autosorb-1 device from Quantachrome Corporétion.
This device measures the uptake of adsorbate (ammonia) on a sample from a pressure change
cdculated between the time of sample dosng and find equilibration. The physsorption
experiments described below were carried out using either an ice bath (at 0°C) or a circulating
water bath (at around 32°C). The chemisorption experiments were carried out using a furnace to
maintain a congtant 150°C sample temperature. The procedure was otherwise smilar. In most
cases, samples were outgassed in vacuum a 300°C, prior to conducting the experiments.

Figure 4.1.5.1 shows the uptakes of ammonia on a typica class C fly ash that was produced in a
utility boiler from Powder River Basn subbituminous cod. The results are plotted in the
cusomary adsorption isotherm form of upteke as a function of reative pressure, where Po
represents the saturation pressure of ammonia a the particular temperature of the experiment.
The results show that the uptake of ammonia is independent of temperature in the range from
0°C to 32°C. This is characteristic of physisorption processes with an enthapy of adsorption that
is reasonably close to the enthdpy of condensation of the pure (ammonia) vapor. Consequently,
the observed process again reved s itsdlf to be smple physisorption.

The uptake of ammonia on a sample of the same fly ash in which al of the carbon was burned
out is adso shown in Figure 4.1.5.1 for reference. Despite the fact that the origina ash has only a
1.3% LOI content, comparison of the results in Figure 4.1.5.1 confirms that it is adsorption onto
the carbon that is responsble for the grestest amount of uptake (at least a high relative
pressures).
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Figure 4.1.5.1 Ammonia adsorption isotherms on a fly ash produced from Powder
River Basin subbituminous coal. The carbonfree sample was prepared in a
|aboratory oven by burning out the carbon from the as-received 1.3% LOI sample.

As far as typicd ammonia dip conditions are concerned, it is only the very low rdative pressure
range of Figure 4.1.5.1 that is of any relevance. This portion of the graph is shown separately as
Figure 4.15.2. In Figure 4.152, a relative pressure of 10° corresponds to an equivaent
atmospheric pressure ammonia concentration of about 40 ppm a 0°C and 120 ppm at 32°C.
Agan, the difference arises from the fact that the saturation pressure Po is a function of
temperature.
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Figure 4.1.5.2. The data of Figure 4.1.5.1 re-plotted to emphasize the low ammonia
partial pressure range.

Figure 4.15.2 suggests that a low pressures, it is the contribution of the minerds (the non
carbon inorganic fraction) which dominates the adsorption process. The actua amount of
adsorption is farly modest in the norma ammonia dip range of concentrations- for al of these
samples, the uptake would be no more than some tens of ppm ammonia by weight, as compared
to the typica hundreds of parts per million in many commercia ashes. As dready discussed in
the Fourth Progress Report, it is believed that the higher observed uptakes in the commercid
ashes have to do with the important roles of SO, and moisture which are present in the red
systems.

One further feature that may be noted from Figure 4.1.5.2 is that there is a smdl difference in the
32°C isotherms in this low pressure range (as distinct from the excdlent agreement observed in
Figure 4.1.5.1, in the higher rdative pressure range). Such variability in the low-pressure range
has been observed to be quite common in our work, and this gpparently has to do with smdll
differences in the extents of sample surface oxidation. As dready noted in the Fourth Progress
Report, it is oxidation (or ozonation) that strongly influences the magnitude of the uptake at very
low ammonia pressures. This is agpparently associaed with the interaction of ammonia with
oxide functiondlities on the surface.
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Figure 4.1.5.3. The temperature dependence of pure ammonia adsorption on a class F fly ash (6.1
% LOI).

Figure 4.1.5.3 shows a comparison of two different isotherms (0°C and 34°C) obtained on a class
F fly ash. As in the case of the class C ash, there is little difference in the higher rdative pressure
range. The difference that is observed a low rdative pressures is an artifact of plotting the
uptekes as a function of reative pressure- the value of Po is higher for the 34°C (307 K)
isotherm than for the 0°C (273 K) isotherm. The sharp jump characterigtic of oxidized surfaces
is quite apparent a both temperatures, and is of comparable magnitude in both cases.

The critica temperature of ammonia is roughly 132°C. Ordinary processes of physisorption, as
dominate in the low temperature range shown in Figures 5.1 through 5.3 are, generdly spesking,
no longer possble above the criticd temperature, as there is no longer a driving force for
formation of a condensed phase of ammonia This does not, however, preclude the posshility of
gtrong interactions of ammoniawith the substrate, as will be seen below.
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In order to explore the processes of adsorption a temperatures more like those involved in
adsorption from flue gases, the Autosorb-1 equipment was used in a dightly different manner
than it was for the ordinary physsorption experiments. For these experiments, a furnace was
subgtituted for the usud water bath used for mantaning a congant sample temperature. The
experimentd procedure was otherwise identical. Data obtained from chemisorption experiments
such as these are generdly not plotted as a function of relaive pressure, Snce the normdization
with respect to an ordinary condensed phase saturation pressure does not make sense above the
critical temperature. Figure 4.1.5.4 shows the results of these experiments.
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Figure 4.1.5.4. Ammonia adsorption on class F fly ash 21, at 150°C.

Figure 4.1.54 shows that there is indeed sgnificant adsorption possble a temperatures above
the critica temperature. As is noted on the abscissa, these data were Hill taken at a fairly high
pressure of ammonia, compared to ordinary ammonia dip concentrations or pressures. The fact
that there is even this much uptake a a temperature in excess of the critica temperature indicates
that there are some strong interaction processes involved.

In Figure 4.154, the indicated ppm vaues of upteke refer to the maximum mass uptakes
following the firs and second cycles of ammonia adsorption, on the same sample. The sample
was heated to 180°C for about an hour in between these two cycles. The fact that the curve for
the second cycle was below that for the firg implies that there was some irreversble adsorption
taking place during the first cycle.
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Figure 4.155. A compaison of ammonia adsorption at temperatures above and below
ammonias critical temperature. Results are shown for fly ash 21 (6.1% LOl).

Figure 4.1.55 shows a comparison of the ammonia uptake curves on a class F fly ash at
temperatures below (0°C) and above (150°C) the critica temperature for ammonia It is very
clear that these results support the centra role that smple physisorption plays in pure ammonia
uptake a the low temperature conditions. The results dso leave little doubt that processes
involving pure ammonia adsorption cannot play any Sgnificant role in fixing anmonia to the fly
ash under "normd” ammonia dip conditions. Not even the processes involving only the
inorganic components, as dominated the very low ammonia partiad pressure range in ample
physsorption, contributes any significant uptake at these higher temperatures.

As a result of these experiments, it becomes clearer that other flue gas components, and in
particular SO,, must play a key role in fixing anmmonia to the ash under practica conditions. This
is congstent with the hypothesized role of these species, dready reviewed in the Fourth Progress
Report. Thus the drategies for control of the ammonia problem must be designed taking this into
account.



43

Task 6 — Field Validation of Integrated Systems

Field Tests

The second series of fidd tests of RRI a Ameren's Soux Unit 1 have been re-scheduled to late
Spring, 2002. These tests were origindly scheduled to be completed in late Fal, 2001. Sioux
Unit 1 is a 480 MW opposed wall fired cyclone unit located south of St. Louis MO. The process
design was based on previoudy completed CFD based modeling conducted by REI and includes
atotd of 20 wal injectors in three eevations between the cyclone barrels and OFA ports. This is
the largest boiler for which REI has created a RRI process desgn. The RRI fidd test a Soux
Unit 1 was origindly intended to be only a short duration fidd test during the summer/fdl time
period. Hence, the auxiliary equipment needed to provide the urea to the boiler is not equipped
with heaters, etc such as would be required to perform the tests during cold wegather. At present,
the schedule cdls to resume testing in Spring, 2002. It should be noted that EPRI and Ameren
are covering the cogts for thisfield test. No DOE funds are being used to conduct the tests.
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Results and Discussion

RRI: The scond series of fidd tests of RRI a the Ameren Soux Unit 1 have been rescheduled
until Spring, 2002 due to cold wesather conditions affecting the operability of the test rig and

auxiliary equipment.

Corroson Probe Andyss of results of a study on the gpplication of a red-time eectrochemica
noise (ECN) corroson probe in the radiant section of a utility boiler is nearly completed. The
pupose of the fidd tests was to demondrate that corroson in a full-scae plant could be
accuratedly measured in red-time and waterwal wastage could be determined immediately
following changes in boiler operation. Specificdly it was intended to study the peformance of
the ECN probe in the high-temperature waterwadl area of a pulverized-coal-fired boiler. Of mgor
concern was the integrity of the hardware in such a severe environment. The fidd test results
showed that corrosion rate was strongly linked to the boiler load. The higher the boiler load, the
higher the corroson rate. A good correation between corroson rate and heat flux was aso
demongtrated. The performance of the probe in the boiler has settled some unresolved technica
issues incdluding the ability to operaie in a particulate laden environment and to mantain it's
integrity in the harsh lower furnace environment. This demondration has confirmed that ontline
electrochemical noise sensors can be used to assess high-temperature corroson in the radiant
section of a cod-fired utility boiler. Because only two boiler eevations were used in the boiler
fidd tests, during the last performance period complimentary laboratory experiments were
conducted to augment data for comparison between profilometric measurements and
electrochemica noise corroson rates. The laboratory results showed that stoichiometry, flue gas
concentration (H,S and HCl) and probe operating temperature dl affected the measured
corroson rate. As the stoichiometric ratio was reduced, the concentration of acid gases increased
and the probe sensor temperature increased, the measured corroson rate also increased.
Difficulties with a deady cod feed in the laboratory furnace precluded extensve tesing. A
generdized plot of corroson rates obtained from laboratory tests and fiddwork shows a good
correlation between profilometric measurements and e ectrochemica noise corrosion rates.

SCR Catalyst: Sx SCR cadyds, four monolith and two plate, will be tested under Task 4.
Four commercid manufacturers of catdyss have agreed to provide samples to the program.
During this quarter, Confidentiaity Agreements were completed with dl the catays vendors to
dlow them provide the catdyst samples. Five of the catdyds to be tested will come from
cadys manufecturers. The sxth catdyst will be a generic vanadia-titania catdyst formulated a
BYU. During this quarter, BYU prepared two V/Ti oxide catayss (custom, powder form)
containing commercidly relevant concentrations of V oxide and one contaning a W oxide
promoter. Two separate pieces of experimental gpparatus are being built a BYU to carry out
laboratory-scde investigations of SCR cadys deactivation:  the kinetic flow reactor (KSR) and
the in-situ spectroscopy reactor (ISR). Experiments in the KSR will focus on obtaning the
kindtic coefficents and mechanigtic information.  Deectivation will be determined by measuring
goecific intrindc  activity of custom and commercid catdyds impregnated to different
contaminant levels. The first gas flow through the reactor is scheduled for end of January. The
ISR is designed to quantify species adsorbed on surfaces during reaction and provide quantitetive
indication of acidity and active ste mechanisms. The ISR relies on FTIR andyses of SOy, NHg,
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and NOy adsorption and desorption to eucidate the behavior of fresh and exposed catalyds.

Congruction of the ISR is nominaly complete and initid data have been collected. Both pieces
of equipment ae nealy completed. Desgn of the multi-catdyst dipstream reactor was
completed by the Universty of Utah during this quarter. Before beginning the detalled design, a
decison was made to carry out the testing at full-scale power plants usng a dipstream of gas
ingead of a the Universty of Utah pilot-scale cod combudtor as origindly planned. One utility
(Allegheny Energy) has dready expressed great interest in hogting a long-term test at one of their
plants that co-fire wood with cod. Cadyst samples will be taken three times during the testing
period in order to diagnose deectivation. Samples of monolith catayst will be taken by
removing one of the four chambers entirdy; the flow will be adjusted accordingly. The opening
that remains will be blocked off a the inlet by a doped cover to minimize ash depostion and
flow disturbances.

Fly Ash Management. The present quartter's experimental program has focused on the
mechanisms of ammonia adsorption. The man issue tha was explored was whether pure
ammonia adsorption could make a sgnificant contribution to ammonia uptake under practica
ammonia dip conditions. It had been earlier concluded that low temperature adsorption of pure
ammonia could result in large uptekes only a unredidicaly high ammonia concentrations. The
question that remaned unresolved was whether there were any kineticdly-limited routes for
fixing anmmonia that were avalable a higher temperatures The present results have conclusvely
demondtrated thet there were not. Raising the temperature of the adsorption experiments to above
the ammonia critica temperature resulted in a sharp decline in the amount of pure ammonia
adsorption. Thus dl of the results in hand point srongly in the direction of the predominant role
of co-adsorption, most likdly involving SOs.
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Conclusions

Good progress has been made on saverd fronts during the last three months. In particular:

>

>

Licenang agreements have been completed with the Electric Power Research Inditute
(EPRI) and Fud Tech, Inc. for Rich Reagent Injection (RRI) technology.

Laboratory tests to evauate a corroson probe to predict waterwall wastage in utility boilers
have been completed. Andyss of the daa for fidd tests performed a the FrstEnergy
Eadlake Power Station is ill in progress. Prdiminary results indicate good agreement
between the dectrochemica noise corrosion rates predicted by the probe and corrosion rates
messured by a surface profilometer as part of the field and laboratory tests. The Easilake
dation tests were the firs demondration of red-time high-temperature corrosion assessment
in the radiant section of a cod-fired bailer.

Four commercia manufacturers agreed to provide samples to the program. BYU has
prepared two V/Ti oxide cataysts (custom, powder form) containing commercidly relevant
concentrations of V oxide and one containing a W oxide promoter. A totd of six SCR
catalysts will be tested under Task 4, four monolith and two plate. Confidentidity
Agreements were completed with al the catdyst vendors to adlow them provide samples.
Two pieces of experimentad equipment being built & BYU to cary out laboratory-scae
investigations of SCR catalyst desctivation are nearly completed: a kinetic flow reactor
(KSR) and an in-situ spectroscopy reactor (ISR). A decison was made to carry out the
teding a full-scde power plants usng a dipstream of gas indead of a the Univerdty of Utah
pilot-scde cod combustor as origindly planned. Desgn of the multi-catdyst dipstream
reector was completed by the Universty of Utah during this quarter. One utility has
expressed interest in hogting a long-term test a one of their plants that co-fires wood with
cod.

In the area of fly ash management, it has now been dearly established that the only routes
that can play a role in binding dgnificant amounts of anmonia to the ash surface, under
practicadl ammonia dip conditions, are those that must involve co-adsorbates. The role of SO
has been hypothesized to be particularly significant.

Pans for the next quarter include: further CFD andyds of the RRI design for Soux Unit 1;
completion of dl data anadyss for the laboratory and field tests conducted with the corroson
probe; completion of the laboratory equipment being developed a BYU for catdyst evauation
and completion and shake-down testing of the reector to be used in fidd testing of catalysts, and
with respect to fly ash management, work during the next reporting period is amed at
eucidating which paticular species act by wha mechanisms, with the experimenta program
turning towards carefully controlled co-adsorption characterization.
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Appendix 1

UNIT [ch| Device UNIT [Ch| Device UNIT [Ch]| Device UNIT | ch | Device
Analog Input Analog Output Relay Thermocouple Input
FP-AI-110, 8 channel isolated input| |FP-AO-210, 8 Channel analog output| [FP-RLY-420, 8 SPST relays (250V @ 3A) FP-T C-120, 8 Channel TC input X3
#1| 1 MFC - 1 #1f 1 MFC - 1 #1i 2-way Solenoid 1 #1f 1-8
2 MFC - 2 2 MFC - 2 2 2-way Solenoid 2 #2 1-8 Thgqucé:j;es
3 MFC - 3 3 MFC - 3 3 2-way Solenoid 3 #3 1-8
4 MFC - 4 4 MFC - 4 4 2-way Solenoid 4 **these use TB-3 base
5 MFC - 5 5 MFC - 5 5 2-way Solenoid 5
6 MFC - 6 6 MFC- 6 6 2-way Solenoid 6 Digital Input (For Valve read)
7 MFC - 7 7 MFC - 7 7 2-way Solenoid 7 FP-DI-330, 8 Channel Digital Input X1
8 MFC - 8 8 MFC - 8 8 2-way Solenoid 8 #11 1 1 - black wire
2 2 - brown wire
#2l 1 MFC - 9 #2[ 1 MFC -9 #2 1 3-way Solenoid 1 3 4 - red wire
2 MFC - 10 2 MFC - 10 2 3-way Solenoid 2 4 8 - orange wire
3 MFC - 11 3 MFC - 11 3 3-way Solenoid 3 5 |10 - yellow wirg
4 MFC - 12 4 MFC - 12 4 3-way Solenoid 4 6
5 MFC - 13 5 MFC - 13 5 3-way Solenoid 5 7
6 MFC - 14 6 MFC - 14 6 3-way Solenoid 6 8
NH3/SO02
7 Analyser 7 7 3-way Solenoid 7
NH3/SO02
8 Analyser 8 8 3-way Solenoid 8 Dual Channel I/O Module
FP-DO-DC60, Dual Channel Base
#3 1 | PressTrans1 For Multi-selector valve actuator (VALCO) card # 1 1 GC Switch 1
2 | PressTrans?2 #3 1 1- brown wire 2 GC Switch 1
3 | PressTrans3 2 2 - red wire card # 2 1 GC Switch 2
4 | PressTrans4 3 4 - orange wire 2 GC Switch 2
5 | PressTrans5 4 8 - yellow wire
6 | Nox Analyser 5 |input enable - green wire
7 | Nox Analyser 6 10 - bluewire
8 | Nox Analyser 7 home - violet wire
8 step - grey wire
Gas
#4| 1 | Chromatograph
2 MFC - 15
3
4
5
6
7
8
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* Diameter of line to vent must be equa to or
greater than that of process line in order to ensure
safe pressure relief.

T Pressure relief valve must be able to
accommodate the same volumetric flow rate as a
failed regulatory processline.

Minimum: 3/8" Adjustable Pressure Relief Vave




