
Exhibit 2.2-14
Refractory Properties

Plicast Narco Plicast Plicast Harbison-
Refractory Cement Free Cast 60 LWI-28 LWI-20 Walker

96 26

Function High-Density High-Density Insulating Insulating hwulating
Typical Avg.
Operating Temp., “F

Density, lb/fil
K, Btu-in./hr-(ft2)-0F
@ 2000”F

K, Btu-in./hr-(ft2)-0F
@ 1500°F

K, 13tu-in./hr-(ft2)-0F
@ 1000°F

Hot MoR2@ 2500”F,
psi

Hot MoR2(@?1500”F,
psi

Cold Crush Strength
@ 1500”F,psi
Typical Chemical
Analysis, wt%
(calcined)

AlzOq

SiO*
Fez03
TiOz

CaO
Mgo
Alkalies

2500 1600 2200 1200

55

NA’

1.7

1500

186
14.0

145

6.5

6.0

80
4.0

66
2.2

14.2 3.0 “1.9

15.0 5.6 2.7 1.3 1.7

1400 NA

1000

NA NA

100

NA

2000 250 110

10,000 NA 750 400 350

95.3

3.8
0.1
0.0

0.1
0.0
0.2

62.2
28.0
1.0
1.7

2.8
0.1
0.2

54.2

36.3
0.8
0.5

5.7
0.2
1.5

39.6

31.5
5.4
1.5

19.5
0.8
1.4

53.8
36.3
0.5
0.6

7.2
0.2
1.4

‘ Not applicable.
2 Modulus of rupture.
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Exhibit 2.2-15
Cross-Sectional Views Of The Furnace Refractory Layout
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Exhibit 2.2-16
Flow and Heat-Transfer Calculations for Combustion 2000 Slagging Furnace and

Refractory Ducts

Illinois No. 6 Bituminous

Furnace Furnace
Furnace ID, in. 47 47 Furnace ID, in. 47 47
Firing Rate, MMBtu/hr 2.5 3.0 Firing &te, MMBtulhr 2.50 3.0

Coal Feed Rate, Ib/hr 225 270

Air Flow Rate, scfrn 493 592 Slag Scieen Inlet

Flue Gas Flow Rate, scfm ,531 638 Gas Temp., ‘F ‘-” 2700 2900

Flue Gas F1OWRate; acfiri -- 3431; -4245 Flue Gas FlowRate, acfm 3227 4122

Furnace Gas Velocity, ft/s 4.7 5.9 Gas Velocity, ftls ‘” 59.6 76.1
Exit Gas Velocity, ft/s 29.8 3“8:1 .+

Flue Gas ResidenceTiine, s ‘” - ~X ; ~~2Y?G”YDilution Gti””Reqyi~etients“.-..”., -. ..-.’‘....-. - - -—--+. ~.. .— -.+
....’’.’”.:-------7 ---” ..: ,.-.. .*,:: ~:~..“ -.... ...=--...-%..:&.----,~-... ..+

..,: Gas Velt?c&in, ftfs.i-.” - s7.5 73.4--=- .-.-: . .--,........... .—.

Auxiliary Burner, ‘x”-. .. . 0.095 -~*”@2~7=-~ Ex@as ~efip~’o~:j, =:%=.“*6O 1860;=-..---.=:.. .....
Wall Losses, MM!3tu/hi”-~~-~.,,_O.19S..I~l~9 . Dilution Gas Te-mpJ2-F 300 300
Other Losses, M~~r”” -- . ..0.200.”.6.200 -‘:..,@lQ.Dilution Gas, scfm 286 ~425-., ..-—.7’:: -*L---

To&l Flue Gas Flow, scfm ‘“ 817 1063
Furnace Sect. Length, ft 16 16 Flue Gas Flow Rate out, acfm 3645 4743
Refract. 1 Thickness, in. , 4 4 Gas Velocity OULIVS 33.6 43.8

Refract. 2 Thickness, in. 4 4
Refract. 3 Thickness, in. 3.25 3.25 DilutionGas Nozzles
Furnace Weight, tons 14.4 14.4 Nozzle Diameter, in. 1.25 1.25

No. of Nozzles 8 8
Inlet Gas Temp., “F 3100 3100 DilutionGas Flow, acfm 418 621

Avg. Gas Temp., ‘F 2,900 3,000 DilutionGas Velocity, tl/s 102 152

Exit Gas Temp., ‘F 2700 2900
Refract. 1 Surf. Temp., ‘F 2580 2781 Convective Air Heater
Refract. 2 Surf. Temp., “F 2358 2542 Gas Temp., “F 1800 1800

Refi-act.3 Surf. Temp., “F 1692 1821 FlueGas Flow Rate, acfm 3553 4619
Furnace Skin Temp., “F 245 258 Gas Velocity, fVs 50.5 65.6

Assumptions: Excess air is 20’Yo.

Primary andA uxiliary Burners

The primary burner will be natural gas- and coal-capable, with coal particle size assumed to
be a standard utility grind, 70’XO-200 mesh (70?40-75 micron). Some burner turndown is desirable
and has been factored into the burner design. Flame stability will be assessed by observation of
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the flame and its relation to the burner quarl as a fiction of secondary air swirl and operating
conditions at full load and under turndown conditions. The basic burner design is an International
Flame Research Foundation (IFRF)-type adjustable secondary air swirl generator. An
IFRF-type adjustable secondary air swirl generator uses primary and secondary air at
approximately 15°/0and 85*ZOof the total air, respectively, to adjust swirl between O and a
maximum of 1.9.

The primary burner design is simply a scaled-up version of the two existing burners based on
increased combustion air volumetric flow rates. Materials of construction for the primary burner
are entirely stainless steel because of the combustion air (up to 800°F/4270C) temperature ranges
to which it will be exposed. Combustion air flow rates through the primary burner will range
horn about 400 to 600scfin(11 to 17 m3/min) depending on furnace firing rate and the fhel type
(bituminous, subbituminous, or lignite) fired. Exhibit 2.2-17 is a photograph of the completed
burner excluding the primary air gun/coal pipe.

Exhibit 2.2-17
Photograph of Primary Burner

An auxiliary gas burner (500,000 Btu/hr or 527,000 k.h ) will be located in the area of the
furnace exit in order to ensure desired slag flow from the fhrnace and the slag screen. This
auxiliary burner will compensate for heat losses through the fhrnace walls, site ports, and RAH
test panels. The use of the auxiliary gas burner will be beneficial during start-up to reduce heatup
time and to prevent the freezing of slag on the slag screen when initially switching to coal firing.
The auxiliary gas burner will be fired near stoichiometric conditions to avoid high excess air levels
in the system. It is anticipated that the auxiliary gas burner will be f~ed at relatively low rates
(~200,000 Btu/hror211,000 kJ/hr) once the Iirnace reaches thermal equilibrium. Materials of
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construction for the auxiliary burner are also entirely stainless steel. Exhibit 2.2-18 is a
photograph of the completed burner excluding the primary air gun/coal pipe.

Exhibit 2.2-18
Photograph of Auxiliary Burner

I

Material procurement for the burners is compIete and fabrication is essentiaHy complete.
Burner fabrication was completed in September except for the primary air gunsdcoal pipes.
These short flanged sections of straight pipe will be cut to the appropriate length and installed
once the refractory-liied fbrnace has been assembled and final measurements have been made.

Radiunt Air Heater PaneLs

A key fh.rnacedesign feature will be accessibility for installation and testing of one large RAH
panel and four small panels. The furnace design will accept one large IUI-I panel with a
maximum active size of 1 ft x 6 ft (0.3 m x 1.8 m). This size was selected to mkimize fbrnace
heat losses and based on panel manufacturing constraints identified by UTRC. Flame
‘impingement on the RAH panels is not necessarily a problem. Cooling air for the large RAH
panel will be provided by an existing EERC air compressor system having a maximum delivery
rate of510 scfin (14.4 m3/rnin) and a maximum stable delivery pressure of 275 psig (19 bar).
Backup cooling air is available from a smaller compressor at a maximum delivery rate of 300 scfin
(8.5 m3/rnin) and pressureof<100 psig (<7 bar). A tie-in to an existing nitrogen system is also
planned as a backup to the existing air compressor system. It will be necessary to heat the
cooling a~ to achieve the 1300°F (705°C) radiant panel cooling air inlet temperature desired.
Outlet cooling air temperatures from the large RAH panel will range from 1375° to 1800°F (746°
to 982°C) by adjusting cooling air flow rate. Cooling air pressure for the large radiant panel will
be roughly 150psig (10.3 bar). Based on some limited heat-transfer calculations, the cooling air
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flow rate will be <200 scfi-n(<5.7 m3/min). The EERC anticipates using @e gas heat exchange
and electrical heating to meet heated cooling air temperature requirements for the large RAH. The
advantage of a combination of heat sources for the cooling air sti-ear&& this scale is greater
flexibility and range of control. Exhibits 2.2-19 and 2.2-20 illustrate the RAH panels, including
the approach to insulation and proposed location of thermocouples. Proper insulation and
thermocouple location will be required to minimize and document edge effects, respectively, as
well as adequately define surface temperature distributions, total heat absorption, and local heat
flux.

Furnace design will also permit &e installation of “fo~ l-ft x 1-R”(0.3-m % 0.3-m) RAH
panels. The actual size of the test brick,for$each”of-the ,small panels k 10.h. x 10 in. (25 cm x 25
cm), with an increased size to 1.2&.x ““12&(3.0 cm.x 30-cm~on the fiont~face of the alloy test
panel. Cooling * for the small w as till be ~rovided. by” an existing EERC air
compressor--system having a ma&& delivery rike o~51~”scfih (14.&rn3/rnin) and a maximum-..
stable delivery pressure of 275 psig (19 bar). Backup --fi~~ iiir ~s”.”&ilablefrom a smaller
compressor at a m&i&iZh”.d&&e”fi’*te” of 300..scfin “($i~:rn3/r&ri>.-&=~”pressure of <100 psig
(<7 bar). A tie-in’t~ @--tz&@~:nit@en system is -a@ p@@@&klZ a ba&p to the existing air
compressor system’- Co&& ,@.temperature at the inlet.tif the snail Ri@ panels-will be low,
facility-ambient tempgratutk’ At,t&time, the operating pr~s~of th~ &oling air system for
the small IL@I panels is &stied to be 150 psig (10.3 bar), with a ,flow rate of <100 scfin
(Q.8 m3/min). The outlet cooling air temperature for the small IU4H panels has not been
specified; however, it is assumed to be less than 1800°F (982”C). Again, actual outlet cooling air
temperatures will be controlled as a fbnction of cooling air flow rate using flow control valves.
Exhibit 2.2-19 illustrates the small IUH panels, including the proposed location of
thermocouples. Proper insulation and thermocouple location will be required to rninimiie and
document edge effects, respectively.

Slag Screen

The slag screen design for the pilot-scale slagging fhrnace system has been jointly designed.
The primary objective for the pilot-scale slag screen is to affect the size distribution of ash
particles entering the CAH. The design is intended to result in an ash particle-size distribution
comparable to that expec~., in, tlw,,commercial plant. Other design criteria specific to the
pilot-scale slag screen inchkie. 1) a simple design permitting modifications if necessary using
readily available, inexpensive materials 2) matching duct dimensions and flue gas flow rates to
maintain turbulent flow @n&tiom, 3)-minim. “~g the potential for plugging as the result of slag
deposit growth on tube surfa~ or the sloped%loo~ 4) limiting differential pressure across the
slag screen to 2-in. W.C. @“mmHg); and 5) limiting heat losses to assure desired slag flow from
the slag screen to the -ace SIW-tap. Exhibit 2.2-13 illustrates the slag screen and its
relationship to the slagg&igfkmqeand dilution/quench zone;
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RAH Test Panels And Installation
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Exhibit 2.2-20
Center Line Locations Of Support Beams



The pilot-scale slagging fiu-nacedesign (based on Illinois No. 6 bituminous coal) anticipates a
nominal fi.u-nacefiring rate of 2.5 million Btuhr (2.64 x 106 Whr) to achieve a fhrnace flue gas
exit temperature/slag screen inlet temperature of 2700”F (1483“C). The.resulting slag screen flue
gas approach velocity will be nominally 60 R./s (18.3 rrds). Increasing the t%rnace firing rate to
3 million Btu/hr (3.16x 106 k.llhr) will result in a nominal slag screen flue gas inlet temperature of
2900”F (1594”C) and an approach velocity of 76 ft/s (23.2 rds). The flue gas outlet temperature
from the slag screen must be >2500”F (> 1371‘C) to minirnize the potential for slag freezing in
the slag screen.

The slag screen will consist of six rows of three 1.5-in. (3.8-cm)-diameter vertical tubes
mounted in an upwardly sloped duct (20°) to facilitate slag flOWfkom the S@ screen into the.
fhrnace slag tap. The center line-to-center lime tube spacing in each row is 3.75 in. (9.5 cm).
Center line-to-center line spacing between individual rows is 4 in. (10.2 cm). Internal duct
dimensions for the slag screen will be 10 in.x 13. in. x 3.5 fl ( 25 cmx 33 cm x 1.1 m). The
resulting flue gas velocity through the slag screen will be roughly 91 tis (28 rrds). Uncooled
mullite tubes have been proposed for use in the slag screen to minimize heat loss and avoid slag
fi-eezing in the last few rows of tubes. However, alumina is also being considered. A final
decision concerning tube material selection will be based on bench-scale tests to be completed in
the next month evaluating slag corrosion resistance. The trade-off is the thermal shock resistance
of mullite versus the slag corrosion resistance of the alumina. Independent of the material
selected, each tube will have multiple breather holes on the side-walls to prevent internal pressure
increases upon heating -~~~~~.,x- ~- and promoteAwmq&eq@ibrium: between the.--...--

k
a@b~;;~@~~,~-fi&qtifib~& be~~%<%~ll~ ~% interiorinterior and efierior o ~

of the tubes till facih “’-’“eyse=o~~ “~,t.ht%nocouples(one each) inthe.%rst and la$t row of;:--..-.:.:.:: . ...
tubes to monittir skg screeti- tgxiq%k~-j Mthout exposing- the the&ocouples to the slag.
Thermocouple” datawi~” be “&&tiati&iEy”logjg~ “onthe dab--acquisition system. Pres~ure taps
will be installed -iii’the “roofiips@@r@@~o&nstre&n ~, the tubes to. monitor and record slag
screen different@l prgxwre. & a~@k&jo the data acqqisitio~ system, slag screen data will be------ .... ...... .
recorded manually Oridata shee& oh~.~edic basis. ‘- ‘ --~‘ :....-. -.+ .

Routine on-line cleaning o~tk s$& “@&n is not anticipated to be a requirement. However,
two sight ports V@ be installed “h”-t.&~<.vet&lsidewalls of the slag screen to pern%t visual
observation and th&d-&&i&n~ .d@.&iodic cleanin&&necessary. P&~nt of sight ports?&a?.g;2-: :=-.:*!S<,

s-and materials concern. Therefore, the”ac~l size of
““-~~~sewiil .beinitially lim~ed to j-%: (2.5 cm). If heat loss

“”%fiaked&vh testS, ihe l-in. (2%5h~ hoki c~be easily
plugged with refractory. Two sight ports each, located in the fi.wnaceexit and at the inlet of the
dilution/quench zone, will permit visual observation of the inlet and outlet of the slag screen.
Two additional ports in the fhrnace exit along with the sight ports in the dilution/quench zone
inlet provide access for flue gas sampling around the slag screen. Each of these sightkmple
ports is 2.3-in. (5.8-cm) ID.

The refractory component of the slag screen will consist of two refractory layers. The inner
high-density layer will be a Plicast Cement Free 96 with an outer insulating layer of
Harbison-Walker (H-W) Castable 26. The high-density refractory will be 2.25 in. (5.7 cm) thick
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in the sidewalls and 4 in. (10,.2cm) thick in the roof and floor of the slag screen. The insulating
refractory will be 4 in. (10.2 cm) thick in the sidewalls, roof, and floor. Properties for the
high-density and insulating refractories selected for use in the slag screen are summarized in
Exhibit 2.2-14. Exhibit 2.2-21 presents a plan and elevation views of the slag screen showing
critical tube and refractory dimensions.

Materials of construction for the slag screen shell will be carbon steel. The final design
package for the slag screen was completed in September. The only open question at this time
is the material selection for the slag screen tubes. It is expected however, that a
high-alumina-content material has a better chance of surviving the slagging conditions in the slag
screen. Also, the tube wall thickness should be a minimum of 0.25-in. (0.64-cm).

Dilutior@uenci~ Zone

The circular dilution/quench zone is oriented vertically, maintains a 1.17-ft (0.36-m) diameter in
the area of the flue gas recirculation nozzles, and then expands the duct diameter to 2 i? (0.6 m) to
provide adequate residence time within duct length constraints. The duct section containing the
flue gas recirculation nozzles will be a spool piece in order to accommodate potential changes to
the size, number, and orientation of the flue gas recirculation nozzles. The vertically oriented
dilution/quench zone will be refractory-lined (high-density and insulating refractory) and located
immediately downstream of the slag screen. Flue gas recirculation will be used to cool the flue
gas in the dilutiodquench zone and freeze entrained slag particles. A centrifugal type flue gas
recirculation fan will remove flue gas from the system immediately downstream of the
induced-draft fan. The 4-in. (10.2-cm) stainless steel piping transporting the dilution gas will be
insulated to avoid condensation problems. Dilution gas will be injected into the dilutionlquench
zone through eight 1.25-in; (3.18-cm) nozzles” at a total flow rate of 286 to 425 scfm (8.1 to
12.0 3/rein), depending on fhrnace firing rate. The design assumes a dilution gas temperature of
300°F (149°C) and a flue gas exit temperature of 1850°F (10 10°C) from the dilutiotiqueneh
zone. A flow control valve will be used to control the flue gas recirculation rate to achieve the
desired flue gas exit temperature from the dilution/quench zone.

Completion of fabrication drawings for the dilutiotiquench zone will be completed in October
1996.

Convective Air Heater

The flue gas flow rate to the CAH section will be 3553 to 4619 acfin at 1800°F (101 to 131
3/rein at 982°C) A square duct dmension of 1.17 ft 2 (O.11 m 2, should result in a flue gas.
approach velocity of 50 to 66 ftfs (15 to 20 m/s) to the CAH. Based on past discussions, the
CAH will consist of three or four rows of 2-in. (5-cm)-diameter tubes. Tube spacing will be a
minimum of 4 in. (10.2 cm) on center, with an overall CAH section dimension of 13 in. x 13 in. x
20 in. (33cmx33cmx51 cm). Primary and backup cooling air for the CAH will be provided by
the same air compressor system described for the IU4H panels. Cooling air heating and flow rate
control will be necessary to achieve the 700°F (371“C) minimum/l OOO°F(538°C) maximum inlet
cooling air temperature desired, effectively controlling surface temperatures, and provide for an
inside heat-transfer coefficient similar to the commercial design. At this time, the operating

0
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pressure of the cooling air system is assumed to be 150 psig (10.3 bar). It is anticipated that flue
gas heat exchange and some limited electrical heating to meet heated cooling air temperature
requirements for the CAHwill be used. The advantage of a combination of heat sources for the
cooling air stream at this scale is”greater flexibility and range of contiol. The cooling air exit
temperature from the CAH should not exceed 1300°F (705°C). Cooling air flow rate will be used
to control cooling”air exit temperature using a flow control valve.
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Plan And Elevation Views Of Slag Screen



Work on the CAH section will begin once the dilutiotiquench zone and cooling air preheater
have been completed.

CooIing Air Preheater

Design activities for the cooling air preheater, which will support operation of the RAH
panels and CAH section, were essentially completed in September. Because of flue gas
temperatures ( 1700°F or 927”C) in the vicinity of the first three cooling air preheater, EERC
personnel reviewed material options for fabricating the tube bundles and the inlet cooling. air
piping to the large RAI+ test panel. These components will be operated at a nominal air pressure
of 150 psig (10.3 bar). Stainless steel has been ruled out for the first three cooling air preheater.
An alloy capable of handling higher temperature operation is a better choice to maximize system
flexibility and minimize the potential for materird failure. Material options considered included a
Haynes HR-1 20, HR-160, HA-230, and HA-556, and an RA253MA. Maximum temperatures
for these five alloys at 150 psig (10.3 bar) are 1600°, 1750°, 1650°, 1750°, and 1650”F (8710,
955°, 899°, 955°, and 899”C), respectively. Based on material characteristics, availability, and
cos~ the W253MA ( 1650”F at 150 psig or 899°C at 10.3 bar) material was selected for all five
tube bundles exposed to flue gas and the HR-160 (1750° at 150 psig or 955°C at 10.3 bar)
material to transfer the heated c~oling air to the IUH and CAH test sections. Use of the HR-160
alloy will permit the installation of electrical heaters in the fhture to increase the temperature of
the cooling air entering these test sections if desired. Because of reduced flue gas temperature, the
fourth and fifth cooling air preheater supporting operation of the CAH section could be
fabricated using stainless steel. However, because of a RA253MA minimum purchase
requirement of 500 fi(152 m), alI five tube bundles wiIl be fabricated using this material. The use
of RA253MA and HR- 160 in combination for the cooling air preheater will maximize system
flexibility and minimize cost. Preparation of fabrication drawings for the cooling air preheater
has begun. Drawings for most of the carbon steel shell sections have been completed and work
has begun on the tube bundles. The final design package for the cooling air preheater will be
completed in October.

Tube-ar~d-SJleil Heat Exchangers

The pilot-scale slagging furnace system will include four tube-and-shell heat exchangers for
heat recovery and flue gas temperature control. Their location is illustrated in Exhibit 2.2-12.
The first two heat exchangers will reduce flue gas temperature and preheat the secondary air for
the primary burner. The third and fourth heat exchange~ will be used to control flue gas
temperature at the inlet of the baghouse. Materials of construction for the heat exchangers are a
combination of 304 stainless steel and carbon steel. Fabrication of the tube-and-shell heat
exchangers was completed in August. Installation of the tube-and-shell heat exchangers began in
September with each pair of heat exchangers blocked in place using short beam sections.
However, the hangers to be used for final heat exchanger installation did not arrive until the end of
the quarter. Therefore, heat exchanger installation and insulation will be completed in October.
Other future activities related to the tube-and-shell heat exchangers include completing flue gas
and cooling air piping connections and installation of thermocouples and static/differential
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pressure measurement devices. Exhibits 2.2-11 and 2.2-22 are photographs of the heat
exchangers blocked in place. “

Exhibit 2.2-22
Photograph Showing Tube-And-Shell Heat Exchangers Blocked In Place

System Fans

The pilot-scale slagging furnace system will require four fans, a combustion air forced-draft
fa, a cooling air forced-drti fan, an induced-draft fan, and a flue gas recirculation fan. All four
fans will be centrii%gal type fans with variable-speed drives (speed controllers). The combustion
air forced-draft blower will supply cooling air to Tube-and-Shell Heat Exchangers 1 and 2, plus
combustion air to the auxiliary swirl burner. A portion of the heated air exiting the heat
exchangers will be used as secondary combustion air to the primary swirl burner, with the rest
exiting the system through the stack. Valves will be used to control the air flow to the primary
and auxiliary swirl burners.

The cooling air blower will supply ambient air to Tube-and-Shell Heat Exchangers 3 and 4,
providing final cooling of the flue gas before it enters the baghouse. The heated air exiting the
heat exchangers will go directly to the stack. An electronic speed controller on the fan will adjust
the air flow horn Oto 1200 scfin (O to 34 m3/min) to maintain a desired flue gas temperature
exiting the heat exchangers. This approach will permit the baghouse to be operated at either
cold-side (350°F/177°C) or hot-side (650°F/3440C) conditions.

Flue gas exiting the baghouse will be drawn through the induced-drafi blower and out to the
stack. The blower speed will be regulated with an electronic speed controller to maintain a
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zero-pressure balance point in the exit of the slagging fimace. Hot flue gas (nominally
350°/ 177 ‘C) from the induced-drafi fan exit will be drawn through the recirculation blower for
use as dilution gas in the dilutionlquench zone. An electronic speed controller on the blower
motor will regulate the gas flow to maintain the desired flue gas temperature at the exit of the
dilution/quench zone.

Exhibit 2.2-23 summarizes the fan specifications. Fan specifications were prepared in
mid-July and. vendor recommendations solicited. A bid package was issued concerning the four
system fans, containing flow rate, operating temperature, and discharge pressure requirements.
Based on the bids received from four prospective vendors; a purchase order was issued to Winger
Associates, representing American Fan Company, for all four system f= in late August.
Delivery of the fans is not expected before mid-November.

Preparation of bid packages for process control and other valves was completed in
September. The bid packages will be issued to potential vendors in early October. Vendor
selection and the issuing of purchase orders should be completed in October.

Emissions ControI

A pulse-jet baghouse will be used for f~ particulate control on the pilot-scale slagging
furnace system. The intent is that the baghouse design will permit operation at both cold-side
(250° to 400°F/1210 to 205°C) and hot-side (600° to 700°F/3 16° to 371”C) temperatures. The
primary baghouse chamber and ash hopper walls will be electrically heated and insulated to
provide adequate temperature control to minimize heat loss and avoid condensation probiems on
start-up and shutdown. Inlet and outlet piping and the clean air plenum will be insulated.
Because of the planned operating conditions, materials of construction will be primarily 304L
stainless steel. The main baghouse chamber was designed with internal angle iron supports to
handle a negative static pressure of 15-in. W.C. (28 mm Hg).

Exhibit 2.2-23
~ Pressure, Temperature, and Flow Specifications for Combustion 2000 Blowers

Avg. Min. Max. Max. Max. Avg. Motor
Met Exit Inlet Met Inlet Met Inlet Inlet Horsepower

Range
Pressure, Pressure, Temp., Temp., Temp., Flow, Flow, Flow

psig psig “F “F “F sctln acfin din

Forced-Draft 25B40

Blower o 3 60 -20 100 ‘ 1200 1292 1200

CoolingAir 15B20

Blower o 1.5 60 -20 100 1200 1292 1200

induced-Draft 25B30
---- .—-.

Blower -1 0.5 350 250 450 1200 2255 1755

Flue Gas IOB15

Recirculation o 1.5 350 250 450 450 788 701
Blower
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Flue gas flow rates to the baghouse are expected to range from a low of 630 scfrn (17.8 3/rein)
(980 acfin [27.8 m3/rnin]) at 350”F [177”C], based on a fkrnace firing rate of 2 million Btu/hr [2.1
x 106 kJ/hr]) to a maximum of 1063 scfin (30.1 m3/min) (2371 acfin [67.1 m3/min] at 700”F
[371°C]), based on a fhrnace firing rate of 3 million Btu/hr [3.16 x 106kJ/h.r]). Therefore, the
baghouse design is based on an avemge flue gas flow rate of 850 scfin (24. 1 m3hnin) (1325 acfin
[37.5 m3/min] at 350°F [177”C] or 1900 acli-n [53.8 m3/rnin] at 700”F [371°C], based on-a
nominal furnace firing rate of 2.5 million Btu/hr [2.64 x 10b kJ/hr]). The baghouse is sized to
accommodate a maximum of 36 bags mounted on wire cages with 2-in. (5.1 cm) bag spacing. Bag
dimensions will be nominally 6 in. (15.2 cm) in diameter by 10 fi (3.0 m) in length, providing a -
total filtration area of 565 fi?(52.5 mz). Arranging the bags in six rows of six bags each allows the
number of bags on-line to be changed by installing different tube sheets. For example, when the
baghouse is operated at 350”F [177”C] and 850 scfin (24.1 m3/min) (1325 acfin [37.5 m3/min]),
only 24 bags will be required to achieve a filter&e velocity of 3.5 ft/min (1.1 mhin). If all 36
bags are installe~ the filter f= velocity would be roughly 2.3 fthnin (0.7 m.hn.in). In the event
that the baghouse is operated at a hot-side condition (1900 acfin [53.8 m3/min] at 700”F
[371”C]), 30 bags would result in a filter face velocity of 4 11/min(1.2 mhnin), and 36 bags would
decrease the face velocity to 3.4 fhin (1.0 rn/min). At a maximum potential flow rate of 2371
aciin (67.1 m3/min) (1063 scfin [30.1 m3/min]) at 700°F [371”C]), 36 bags would result in a filter
face velocity of 4.2 ft/min (1.3 mhnin).

Procurement activities are nearly complete for the baghouse. The baghouse was installed,
insulated, and covered with galvanized sheet metal in September. Bags and cages will be ordered
in early October with an early December delivery date anticipated, Remaining activities related
to the baghouse include procuring and installing valves, completing flue gas piping connections;.
installation of thermocouples and static/differential pressure measurement devices, assembling the
pulse-air manifold and controller, and installation of compressed air piping to the pulse-air
reservoir. Exhibit 2.2-24 presents photographs of the main chamber and clean air plenum
following baghouse installation, insulation, and sheeting.

There are no plans to install a sulfur dioxide control system. Initial dispersion modeling data
developed by the North Dakota State Department of Health indicate that sulfur dioxide
emissions would have to be limited to 16 lb/hr (7.2 kghr) to avoid exceeding the ambient
standard. Based on a 2.5-million Btu/hr (2.64 x 106 kJ/hr) coal-firing rate, the EERC is not
concerned about the potential 16-lb/hr (7.2-kg/hr) suhr dioxide limit or the need for a sulfur
dioxide control system. If the coal-firing rate were actually 3 million Btu/hr (3.16x 106 kJ/hr), a
small reduction (IOYO)in sulfhr dioxide emissions might be required.
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Exhibit 2.2-24
Photographs Illustrating The Pulse-Jet Baghouse Following Installation
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Instrumentation and Data Acquisition

The data acquisition system will be based on a Genesis software
computers. This type of data acquisition system is currently used at

package and two personal
the EERC on a number of

pilot-scale combustion and gasification process systems. All process data points will be logged
on the data acquisition system. However, it is uncertain at this time of how much integrated
system control will be required or desired. Decisions concerning the level of integrated control
implemented will be made based on relative cost. Detailed P&IDs and an instrumentation list
were prepared. Procurement of system instrumentation and components for the data acquisition
system was initiated in August. Speciiic items ordered aid received included one of two
computers to handle process control and data acquisitio~ the data acquisition software package,
K-type thermocouples, and half of the pressure transmitters. Items ordered but not yet received
included the data acquisition hardware package, S-type thermocouples, pressure gauges, and half
of the pressure transmitters. The balance of items to be ordered related to
instrumentation/process cofitrol include a second computer, control valves (bid package issued),
flow measurement devices, flue gas instrumentation, and miscellaneous wire, tubing, and fittings.
Procurement of flue gas instnunentation and components for process control and data acquisition
system is expected to continue through December 1996.

2.2-35



HITAF Air Heater Materials

Alloy Materials
Efforts during the reporting period focused on determining

approaches to fabrication of ODS alloy tubes and headers, as well as
the ODS alloy candidates and refractory ceramics over relevant
emissivity techniques and apparati were discussed in the previous
interested reader is referred to that report for details.

manufacturing limits and
determiningg emissivities of
temperature ranges. The
quarterly report, and the

The emissivities of some of the candidate RAH materials of construction are shown in Exhibit
2.2-25 below, The ODS alloy 758 was chosen as representative, and most closely meets both
shape manufacturing requirements and stress rupture life. Samples of ODS alloy were tested “as
received”, and with 2000°F (1090°C) air exposure for periods of 24 hours and 168 hours. The
purpose of this was to generate oxide scales typical of what the ODS tubes will acquire during
service in the RAIL As can be seen fkom the data, the emissivity increases with increasing time
in air, and values 0.93 and above become achievable. This high emissivity and commensurate
absorptivity indicate that the radiative heat transfer “tubes in a box” design is valid.

Sample#

3

FCCR*
4

5

6

* OL

Exhibit 2.2-25
Emissivity of Alloys & Ceramics of RAH

Instrumentused
Description step Temp. 2000 6000 7000 8000 4000 Thermopile

# “c (“F) o.95p. 2.3P 5.o& 7.8p 8-14P o.5-14~

MA758,unheated 1 1100 (2012) 0.92 0.93 0.88 0.66 0.90
2 1200 (2195) 0.86 0.89 0.65 0.53 0.89
3 1100 (2012) 0.84 0.92 0.69 0.52 0.90

MA758,24 hrs. 1 1100 (2012) 0.91 0.92 0.91 0.95 0.94
heattreated 2 1200 (2195) 0.91 0.92 0.91 0.93 0.95

3 1100 (2012) 0.92 0.92 0.92 0.91 0.93 0.95
MA758,1week 1 1100 (2012) 0.91 0.92 0.91 0.91 0.94 0.93
heattreated 2 melted

3

Jargal-M 1 1260 (2300) 0.31 0.47 0.79 0.98 0.96 0.79
2 1370 (2500) 0.38 0.63 0.92 0.95 0.96 0.76
3 1480 (2700) 0.34 0.45 0.82 0.98 0.97 0.70

Mono&ixE 1 1260 (2300) 0.87 0.91 0.94 0.95 0.94 0.94
2 1370 (2500) 0.81 0.92 0.93 0.94 0.93 0.94
3

MonofrsxK-3 1 1260 (2300) 0.85 0.92 0.94 0.95 0.94 0.93
2 1370 (2500) 0.84 0.90 0.92 0.96 0.94 0.92
3 1480 (2700) 0.83 0.89 0.91 0.94 0.94 0.91

= OxideDispersionStrengthenedAlloys;FCCR= FusionCast CeramicRefractories
The chromeoxide containing refractory ceramics (Monofiax E and K-3) show highly desirable

emissivity levels. The Monofrax E is slightly higher due to its higher chrome oxide content.
Jargal M (an analog of Monofkax M finm a different supplier) clearly does not possess inherent
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emissivity levels that are high enough to make the “tubes in a box” design viable. A coating
would be required to achieve acceptable levels.

Details of the shape forming allowances for the ODS alloys will be discussed in the next
quarterly report.
Ceramic Materials
Thermal Conductivity Measurements

Since the thermal conductivity of the refractory liner is so critical to the design and
performance of the RAH, and since much of the vendor data and other technical literature on the
thermal conductivity values were questionable for the fitsed cast refractory brick of interest to
this pro- the Orton Foundation in Westerville, Ohio was contacted to perform thermal
mnductivity measurements. The Orton Foundation has long been one of the refractory
industry’s major sources for thermal conductivity data, which are determined by the calorimetric
method (ASTM (2-202). This method has been the standard for refractory brick and provides
conductivity values that are the closest to those encountered in actual semice. A comparison of
the various thermal conductivity measurements methods was discussed in the previous quarterly
report.

The ASTM C-202 calorimetric measurement technique uses a huge sample, 18” x 13.5” x 3.5”
thick (46 cm x 34 cm x 9 cm), which is platied between a heating source and a water cooled
calorimeter. Exhibit 2.2-26 shows the sample layout for standard brick samples, 9“ x4.5” x 2.5”,
(23 cm x 17 cmx 6.4 cm). The bricks are assembled in a pattern that makes up the 18” x 13.5” x
2.5” (or thicker) layout. For the fused cast refractories, which are cast into large blocks, pore-free
slabs were cut so that only one large sample was used for a given test. Backup insulation was
placed around the slab edges in order to insure a linear flow through the sample horn the hot fiice
to the cold (calorimeter) fhce.

Exhibit 2.2-26
Apparatus (ASTM C-202) for Measuring Thermal Conductivity of Standard

Refractory Brick

[the cross section of 3 test bricks [4m” (11.4 cm) wide] are shown, which makeup the 13.5”
(34.3 cm) dimension; two of the outer bricks are used as guard bricks; for the fused cast

samples, one siab is used in place of the individual bricks]
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Tests were performed on six samples: Monoi?ax M, Monofrax L, Jargal M, Monofrax E,
Monofrax CS-3, and ER-2 161. Thermal conductivity values were measured at four mean
temperatures (between the hot and cold face). For a given mean temperature, the sample was
held at that temperature for 24 hours in order to assure that steady heat flow conditions and
equilibrium temperatures were achieved. The hot face temperatures were varied from 1750”F
(954”C) to 2570”F (141 O“C), in order to achieve mean temperatures of 1600”F (870°C) to
2380”F (1300”C). The thermal gradients through the samples increased with increasing hot face
temperature, and varied from 67°F/in. to 2 17°F/in. (15°C/cm to 47°C/cm), depending on the hot
face temperature and on the thermal conductivity value for a givm. sample. These gradients are
about 40’%0of those used in the design of the RAH refractory brick (tile), which are typically
1.5” (3.8 cm) thick. For example, the thermal gradient through a 1.5” (3.8 cm) tile with a hot tie
temperature of 2600”F (1427”C) and a cold fice temperature of 1800”F (982”C) is 533°F/in.
(116°C/cm).

The measured thermal conductivity values for the six samples mentioned above are
summarized in Exhibit 2.2-27 and Exhibit 2.2-28. The lowest thermal conductivity values were
in the 2.6 -2.7 W/m - “C range for the alurnina-zirconia-silica (AZS) material containing chrome
oxide [ER 2161]. The highest values were for the high alumina [Monofiax M] and
magnesi+qla spinel [Monofiax L] compositions. As Exhibit 2.2-27 shows, the thermal
conductivity of the alumina materials increased significantly with increasing temperature, as
might be expected, since the internal radiation through these materials at high temperature
becomes a major contributor to the heat flow. These materials had thermal conductivity values
ranging from 4.44-5.58 W/m - “C at 1800”F (980”C) to 6.19-6.57 W/m - “C for a mean
temperature of 2400”F (13 16”C), which occurs when the hot face temperature is approximately
2600”F (1427”C). These conductivity values are acceptable for the RAH refractory design.

Chromium additions to the retictories is essential for corrosion resistance to the coal slag.
However, it also restricts radiation transport through the material at high temperature, which is
evident in Exhibit 2.2-28 forMonoiiaxEandER216 1. The thermal conductivity of Zr02 as an
oxide is notably low, and when coupled with Cr203,the thermal conductivity remains low with
increasing temperature, as is the case for theER2161. It thus becomes necessary to modi~ the
compositions of the alumina and chmmia materials in order to optimize the tradeoffs between
high thermal conductivity and high corrosion resistance, since these properties run counter to
each other. That is, a high thermal conductivity material tends to have poor slag resistance, and
vice versa.

In order to obtaine-modified and tailored compositions for optimum RAH performance, two
suppliers of &sod cast refractories were contacted. A visit to one of these supplier’s
manufacturing plants was made and is reported next.
Visit to GM Inc Plan~ Fai!coner, NY

On August 27, UTRC visited the GRP Inc. man~acturing facility at Falconer, NY. The
objectives of the visit were : 1) to present to GRP the background on the Combustion 2000
Program as it relates to the refractories used in tie hot lining of the radiant air heater, 2) to
discuss refractory requirements and designs, 3) to encourage GRP to further support the
program, 4) to examine Monofiax samples which had been exposed to a GRP slag test for 100
hours at 1450”C, and 5) to tour the plant and observe the processing of fused cast refractories.

GRP personnel led a discussion on the fused cast materials manufactured at GRP and made
comments on their long term (up to 14 years) use in the melting of glasses. The nature of glass
attack and corrosion testing at GRP was reviewed. GRP had exposed several Monofiax
refractories of interest to UTRC to Illinois #6 slag for 100 hours at 1450”C (2640”F) and
exhibited them at the meeting. Samples have since been obtained for analysis and evaluation.
The results will be presented in the next quarterly report.
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Exhibit 2.2-27
Thermal Conductivity Data for Fused Cast Refractories
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Exhibit 2.2-28
“hermal conductivity vs. temperature of various fused cast refractories

(ASTM C-202).
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The discussion then turned to the effects of the composition of different reiiactories on slag
resistance, thermal conductivity, and mechanical properties including strength at elevated
temperatures. It was concluded that high alumina compositions, while they retain their strength
at elevated temperatures, would not possess sufficient erosion resistance for this program. Thus
composition modifications to the alumina or A1/Mg spinel refiactones, such as chromium
additions, or by modi&ing the chromium refractories to be stronger at elevated temperatures,
would be necessary. GRP has experimented with many compositions in the past and has several
ideas on how to modi& refractory compositions for the IL4H lining application. Since the GRP
refractories are almost exclusively used in the glass industry, there has been little development or
need for new refractories in recent years. The major recent change in the glass melting industry
has been the use of oxygen (vs. air)&s combustion, which introduces new problems to the
refractories and higher burner temperatures.

The brick (tikj drawings and&e means of attaching the tiles to a supporting structure were
next reviewed with GRP personnel. The purpose of this review was to solicit their views and
concerns, and to make’suggestions on how to better meet the design reqmrements, including any
manufacturing processing changes that would be necessary. They expressed a concern over the
1.5” (3.8 cm) thickness of the tile, and also made suggestions on how the tile might be better
attached. Since the designs were new to them the GRP personnel wanted to get together after
this meeting to brainstorm and come up with new ideas, modifications, and concepts on how to
best produce the tiles and provide a means of attachment. Follow-up discussions were planned
for a later date.

Next, a tour of the plant was made, which followed the incoming raw materials through the
mixing batching and blending, to the melting of up to 1500 pounds at temperatures as high as
4500”F (2480”C), and the casting into molds of various sizes and shapes. The molds were then
set in large steel containers containing free, pure alumina powder so that the cast material could
be slowly cooled (annealed) for a period of-several days to over a week. The solidified cast
material was then diamond-cut to remove shrinkage porosity and to provide various shapes prior
to inspection. Some shapes were cast with holes or internal passages. The final cut shapes were
then laid out and entirely assembled to the fhrnace configuration of their final destination: There
may be dozens of shapes for each application, and each shape is numbered and fitted into place
until the entire fknace rehctory system is assembled. The precision of the cuts and
dimensional tolerances are such that no mortar is required to keep the molten glass from leaking
OU;even in large tonnage glass fiunaces.
Summary

The meeting provided an important forum for the exchange of information between UTRC
and GRP, for providing GRP with a better understanding of the requirements, and for
establishing contacts regarding fiture plans and action items, including further interaction on the
producing of RAH refiacto~ shapes with attachment capabilities. Subsequent to this meeting,
GRP has indicated a positive interest in the ILWI refractories, and will also provide support in
helping to develop improved refractory compositions for the radiant air heater lining.
Laboratory- And Bench-Scale Testing

LuboratoryActiviiies -J!kperimental
To ad&ess environmental issues related to the disposal of chrome-containing reilactories and

their spent slag, chemical analyses using TCLP (toxicity characteristic leaching procedure), EPA
Test Method 200.A, have been completed on the spent slags from Hydrecon Tabcast, a 10VO
chrome modified alumina castable. The measured result for the Hydrecon Tabcast refractory was
160 ~g/L. The measured values are well below the EPA disposal limits of 5 mgL All of the
corrosion experiments were done at 1500°C (2732”F). The measured results for the spent slag
are summarized in Exhibit 2.2-29.
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Exhibit 2.2-29
TCLP Studies on Hydrecon Tabcast

Slag Flow Time. &r) Detectable Chrome Level. uti

7 2.5

14 2.0
.50 1.7

These measured data seem to suggest that the level of detectable chrome in the spent slag
decreased as a fimction of increasing slag flow time. One might speculate that one of the reasons
for this decrease could be of the continuing change in the chemistry at the slag-refractory
interracial layer with increasing slag flow time.

The change in the flow chr&cteristics of the spent slag into the quench vessel was of interest.
For example, for the Plicast 96 refractory sample, the average measured drip time into the quench
vessel was 80 seconds betsveen drops, whereas it was 45 for Hydrecon Tabcast. The
morphological characteristics of some of these spent slags were determined by both x-ray
fluorescence (XRF) and x-ray difiiaction (XRD) analyses. Exhibit 2.2-30 summarizes the
compositions for the slag (Illinois No.6) and the refracto~ reactant products for some of the
reiiactory samples as a function of slag flow time.

For Plicast 96, XRD indicates the formation of a mullite phase, with minor phases of a
ferritic type of spinel, plagioclase, and silica. This supports the XRF data, which show an
increase in the alumina content and a decrease in the silica content from the original slag
composition. This change in the slag chemistry, with an increase in the alumina content, may
have caused the reduced drop-rate for the slag off of the high-alumina refractories.

Exhibit 2.2-30
XRF Data for Refractory-Slag Reactant Products

Temp°C, Time, hr Oxide As Received Plicast 96 Plicast 99 Narcocast 60
1500/ 50 SiOz 54.4 48.6
1500/ 50 AlzOq 19.0 25.5
1500/ 50 Fe20~ 15.6 14.3
1500/ 50 NaO 0.0 1.5
1500/ 50 MgO 1.3 1.2
1500/ 12 SiOz 54.4 50.9 51.0
1500/ 12 AlzOq 19.0 22.8 23.7
1500/ 12 Fe203 15.6 16.4 15.9
1500/ 12 NaO 0.0 0.1 0.0
1500/ 12 MgO 1.3 1.0 0.8

Bench-Scale Activities - Dynamic Slagging Application Furnace

Work has been completed on the modification of exit ports for the DSAF ‘assembly. An
insulating block around the first stage of the exit port was replaced with a ceramic refractory
block. In the previous assembly, the exit temperature measured at about 1 in. above the fbrnace
shell was about 700”C (1292°F) when the operating temperature was 1500°C (2732°F).
However, with this modification, the measured exit temperature is now 1090°C (1994”F).

The geometry, of the DSAF test sample was also modified by decreasing the length of the
slag flow channel by 1 in., but keeping the original dimensions. This change eliminated the slag
plugging problems by keeping the exit channel lip in the operating test temperature zone.
Previously, the positioning of the exit channel lip at the slag exit in the &mace seemed to cause
plugging problems at the exit port. The problem was attributed to convective and radiant cooling
of the slag at the exit of the fimace. The present design has minimized these losses.
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Exhibit 2.2-31 summarizes data on the refractories tested to date with the measured eroded
surfaces. The corrosiorderosion maximum always occurs at the 30° angular change in the slope of
the channel from the top to the vertical face of the channel, with the minimum occurring at about
1 in. from the bottom of the channel.

Exhibit 2.2-32 shows photographs of Plicast 96 and Plicast 99 refractory samples from
Plibrico Company and Narcocast 60 from Harbison Walker Refractories as fimction of slag flow
time at 1500°C (2732°F). The dark color gradient away from the channel of these samples is the
result of the outward diffision of the slag into the refractory. These photographs also illustrate
the areas of maximum and minimum corroded/eroded surface in the refracto~.

A close observation of the corroded and eroded surfaces of these refractories revealed more of
a heterogeneous dissolution at the refractory-slag layer, with the binder phase being corroded,
sometimes leaving the alumina aggregates. However, these aggregates are eventually dissolved.

Exhibit 2.2-31
Summary of Data on Refractories

Sample Temperature, Recession, Flow Time, Retention Time,
“c (min., max.) in. hr hr

Plicast 96 1500 0.209, 0.400 (channel) 140 , 265
Plicast 99 1500 0.047, 0.123 (channel) 63 82
Hydrecon 1500 0.122, 0.305 (channel) 45 146
Narcocast 60 1500 0.069, 0.186 (channel) 50 144
Descon 1500 0.048, 0.069 (channel) 5 7
Greencast 1500 0.000, 0.285 (slag well) 5 7
Plicast 96 1600 0.065, 0.144 (channel) 5
Castolast

7
1600 0.000, 0.287 (slag well) 5 7

Note: A O.000-in.recession means the slag did not flow through the channel, but created a well
on the top of the refractory sample.

Exhibit 2.2-32
Refractory Samples Showing The Effects Of Slag Flow As A Function Of Time
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Efibit2.2-33 sumaties theme*ured comoded anderoded s@acefor Plicast 96, Plicast
99, and Narcocast 60 refractories tested at 1500°C (2732”F) as a function of slag flow time in the
DSAF to date. It. would be of interest to predict the service life of these refractories, which
basically can be related to the rate or kinetics of the reaction. However, the accurate calculation
of the corrosion/ erosion rate for this model could provide a challengingproblem. Some of the
controlling factors to model would include the diffhsion rates, viscosity, particle or grain size,
heat transfer, and the contact angle of the moving slag layer. For the static corrosion test, one can
assume that the rate of corrosion would be proportional to the square root of time. However, for
this dynamic slag test the rate of corrosion would be independent of time.

Secondly, the difision coefficient for this dynamic situation cannot be assumed to be
constant. The diffusion coefficient would vary with time, temperature, composition and
position. Since these refractories are also multiphase polycxystalline materials with a bonding
phase, porosity, varying particle or grain size, etc., the diffitsion through the refractory would
become complex and difficult to represent with a simple mathematical model. The changing
viscosity, as evidenced in Exhibit 2.2-29, and the changing contact angle for the moving slag layer
would add more to the complexity of the problem.

Exhibits 2.2-34 and 2.2-35 show the relationship of the recessed refractory layer as a function
of time for Plicast 96 and 99. For the areas of maximum and minimum recessio~ there seems to
be a linear relationship as a fiction of time. However, the slopes for the two types of recessed
areas are very different. It will also be very difficult to make a direct comparison between Plicast
96 and 99 at any level, since the range of the experimental &ta points is not the same.

Exhi~t.2.2-33
Measured Corrosion/Erosion for Some Refractory Candidates

Refractory Twe Time, hr Max., in. Min., in.
Plicast 96 45 0.325 0.125

52 0.400 0.209
63 0.492 0.217
70 0.549 0.220
100 0.850 0.308
140 1.132 0.416

Plicast 99 12 0.085 0.045
15 0.123 0.047
26 0.187 0.048
33 0.218 0.056
63 0.337 , 0.109

Narcocast 12 0.186 0.069
50 0.946 0.322
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Exhibit 2.2-34
Refractory Recession As A Function Of Time For Plicast 96
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Exhibit 2.2-35
Refractory Recession As A Function Of Time For Plicast 99
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Structural Analysis

AI1oYMaterial Analysis

A thermal stress analysis for the for the air tubes with a .25 inch wall thickness was
performed. A three dimensional thermal stress model of the continuous wedge shaped brick
was completed.

Air Tube Analysk

The tube wall thickness in the RAH (Exhibit 2.2-36) was increased from 1/8 to 1/4 inch.
The change was made .to improve the fabricability of the tube. The temperature profile
around the outer perimeter of the tube was based on estimates of the variation in radiant flux
from the front to the back of the tube.

Top Wew - Section

Refractory
Refractory Spacer
Hot Face

—

J\-

Exhibit 2.2-36
Radiant Air Heater

The temperature of the air flowing in the tube was fixed at 1700 deg F. The convective
heat transfer coefficient between the tube inner surface and the air is 1.929x e~ Btu/see/deg
F/in2 . A finite element model of the tube was constructed. A thermal analysis was
performed to determine the temperature distribution in the tube. Due to symmetry only 1/2
of the tube is modeled.

A second model reads in the temperatures and performed a generalized plane strain
analysis. The tube is allowed to increase in length but plane sections remain plane. The tube
growth will be aecommo&ted through the use of bellows but bending of the tube will be
limited by the support structure. The geometry and resultant Von Mises stress and
temperature distribution is indicated in Exhibit 2.2-37.
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Geometry
circular tubes
internal tube diameter: 2.00 inch
tube wall thiclmess: 25 inch

Material
tube material: MA754

Thermal Boundaw Conditions
convective heat transfer coefficient horn tube to aic

h=100btu/hr-f?-deg F
(568 Whn2 C)

outer wall temperature: 1880 deg F (1006 C) maximum
1783 deg F ( 952 C) minimum

Exhibit 2.2-37
Stress Analysis Results

I Direction Max. Tensile Max. Compressive I
Stress psi (kPa) Stress psi (kPa)

x 3,289 (22,680) 2,098 (-14,470)
2,225 (15,345) -1,812 (-12,495)I Y

I z 9,716 (67,005) -9,472 (-65,325) I

Discussion of Results——
MA754 has a yield stress of 22,000 psi at 1900 deg F. Creep stress is the limiting stress at

these elevated temperatures. A Larson-Miller plot of 1% strain data is shown in Exhibit 2.2-38.
The P value is found horn the following equation.

P= Temp * (log t + 20)

where

Temp = temperature in Rahkine

t = time in hours

For 10,000 hours at 1900 deg F P= 56.6x 103. The rupture stress at this P value at
approximately 16,000 psi. The maximum predicted stress in the air tube is 9,716 psi. Thus
there is sufficient margin for safety in this design.
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Exhibit 2.2-38
Larson Miller Plot for MA754

Ceramic Material Analysis

Three dimensional models of the ceramic bricks were used to study the sensitivity of
thermally induc~ stress to material properties, brick shape and overall brick size.

Wedge Shaped Brick

A continuous wedge shaped ceramic brick with S-shaped slip joints along the horizontal
edges was analyzed using eight node brick elements. A thermal analysis was performed to
determine the temperature through the brick. This information was read into the stress
analysis. A spring force and a preload were applied to the center of the cold face of the
ceramic. This simulates the force required to hold the brick against the rear support structure.
The weight of the brick was applied at the top surface. The purpose of this study was to
quanti~ the stress and deflection in the brick at the expected service temperature. A
summary of the geometry, temperatures, and external forces follows.

Au!Ym
Ceramic shape Continuous Wedge

18inby30 inby 1 to2inthick
(45.7 cm by 76.2 cm by 2.5 to 5.1 cm)
S-shaped horizontal slip joints
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Ceramic material: Monofiax E

Temperature gradient 1920 deg F (1028 C) inner face
2700 deg F (1461 C) outer face

Spring Fonxx 100 in-lb (1. 13kN-cm)

Spring Preload 100 lb. (445 N)

1/2 Brick Weigh~ 45 lb. (200 N)

Stress Analysis

Due to symmetry only 1/2 of the brick was modeled The f= of the brick lies in the y-z
plane. The thickness of the brick lies in the x direction. The brick was constrained in the y and z
direction at the center. The supporting brick was also modeled.

Results

The model indicates that there are unacceptable levels of stress in the brick (Exhibit 2.2-39).
Monoilax E fails at 2,800 psi at the indicated temperatures. Models of flat rectangular bricks
have been produced with levels of stress below 5,000 psi.
determine the factors contributing to the high stress.

Exhibit 2.2-39
Stress Results

Additional modeling will be done to

Stress Dsi &Pa}

Max Sigma X 30,000
(206,900)

Max Sigma Y 75,000
(517,000)

Max Sigma Z 10,000 (69,000)
Max Von Mises 1.363 (9.400)

Material Sensitivity

A simple three dimensional model of a flat rectangular brick was constructed. A thermal
analysis was performed to determine the temperature the brick These results were read in
to a second model that calculated the resulting stress and deflections. This process was
repeated for three candidate ceramic materials. The purpose of this study is to gain insight
into the material properties that most significantly effect the levels of thermal stress in the
brick. A summary of the geometry and thermal boundary conditions follows.
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Geometry
Ceramic shape:

No slip joints

Thermal Boundary Conditions
Hot side

Sink temp:
Convective heat transfer coefficient

Cold side (exposed)
Sink temp:
Convective heat transfer coefficient

Cold side (covered by support brick)
Sink temp:
Convective heat transfer coefficient

Flat Rectangular
18 in by30 in by 1.5in thick
(45.7 cmby 76.2 cm by 3.8 cm)

2800 deg F (1520 C)
21.2E-5 Btu/sec/in2/deg F
110 Btu/hr/i?/deg F
(625 W/m2/C)

1700 deg F (900 C)
9.6E-5 Btu/sec/in2/deg F
50 Btu/hr/fi?/deg F
(284 Wlm2/C)

1700 deg F (900 C)
4.8E-5 Btu/sec/in2/deg F
25 Btu/hr/ft?/deg F
(142 W/m2/C)

Due to symmetry only 1/2 of the brick was modeled. The face of the brick lies in the y-z
plane. The thickness of the brick lies in the x direction. The brick was constrained by the
symmetry plane in they direction. One node was fixed in the z direction and 2 nodes were
fixed inthe y direction.
additional stress. The
deformation is elastic.

A minimum number of constrains was used to avoid inducing
model assumes the material has infinite strength and that the
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Results

The results are as follows in Exhibit 2.2-40. “

Exhibit 2.2-40
Stress Results

Monofiax E -al M Carborundum K-3

Stress psi (Mpa)
Max Tensile Sigma X 15,690 (108) ~2,391 (16.5) 12,050 (83.1)
Max Compressive Sigma X -11,320 (78) -831 (5.7) -13,850 (95.5)
Max Tensile Sigma Y 29,090 (201) 4,936 (34.0) 23,310 (160.7)
Max Compressive Sigma Y -21,460 (148) -1,742 (12) -25,340 (174.8)
Max Tensile Sigma Z 19,860 (137) 3,440 (23.7) 15,510 (107.0)
Max Compressive Sigma Z -14,480 (100) -1,159 (8.0) -17,350 (120.0)
Max Von Mises 22,090 (152) 5,389 (37.2) 18,210 (125.6)

Temperature (deg l?) .

Hot Face 2,676 (1448) 2,661 (1440) 2,707 (1465)
Cold Face 1,904 (1019) 2,006 (1076) 1,910 (1022)

Delta Temp 772 (390) 655 (325) 797 (404)

The models indicates that Jargal M results in lower levels of stress. All of the materials
modeled have tensile yield stresses of 5,000 psi or less. The following section identifies and
analyzes material properties that determine the thermal stress.

Thermal Stress Index

For the purposes of material selections a thermal stress factor can be calculated. The
factor is defined as follows:

Thermal Structural Integrity Factor = Failure Stress * Thermal Conductivity
(Coeff Thermal Expansion* Young’s Modulus)

The factors for the materials currently under consideration are as follows:

Monofiax E 180
Jargal M 767
Carborundum K-3 471
Azs 414
AZSCr 1100* *estimated value

2.2-50



This factor indicates that Jargal M and AZSCr m significantly better suited to our
application than the other materials being considered. The finite element modeling results

presented in the previous sections supports the validity of the index. Additional xnaterial
properties such as corrosion resistance must be considered. .The index rated AZSCr highest
but testing to determine the material properties is not complete. Comosion testing on all
these materials is underway or planned for in the near fidure.

Brick Size Sensitivity

A study to determine the thermal stress sensitivity to overall size and aspect ratio of the
brick was ptiormed. Three different size flat rectangular bricks of Monofiax E were
analyzed using the same thermal and mechanical boundary conditions.

The results are provided in Exhibit 2.241.

Exhibit 2.2-41
Stress and Deflection Results

18X 30X 1.5 18X 18X 1.5 9x18x 1.5

Stress psi (Mpa)

Max Tensile Sigma X 15,570 (107) 16,770 (116) 15,620 (108)
Max Compressive Sigma X -17,170(-118) -17,910 (124) -17,230 (1 19)
Max Tensile SigmaY 30,010 (207) 30,120 (208) 29,720 (205)
Max Compressive Sigma Y -31,600 (-218) -33,030 (228) -31,790 (219)
Max Tensile Sigma Z 20,040 (138) 20,070 (138) 20,050 (138)
Max Compressive Sigma Z -21,560 (-149) -22,240 (153) -21,580 (149)
Max Von Mises 23,580 (163) 23,910 (165) 23,650 (163)

Temperature deg F (C)
Hot Face 2,684 (1452) 2,691 (1456) 2,692 (1457)
Cold Face 1,933 (1035) 1,939 (1038) 1,938 (1038)

Delta Temp 751 (378) 752 (379) 754 (380)

These results indicate that the thermal stress is not dependent on brick size or aspect
ratio. The deflection of an individual brick is dependent on size. Factors such as fabncability,
handling, brick support and attachment method will be considered in optimizing brick size.

AZYCr
A three dimensional model of a winged rectangular brick made from a newly proposed

material called AZSCr was constructed. A thermal analysis was performed to determine the
temperature profile through the brick. These results were read into a second model that
calculated the resulting stress and deflections. A summary of the geometry and thermal
boundary conditions follows.
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Geometry
Ceramic shape Winged Rectangular

18inby30in byl.5inthick
(45.7 cm by 76.2 cm by 3.8 cm)

Simple vertical slip joint, no horizontal slip joint

Thermal Boundruy Conditions
Hot side -

Sink temp:
Convective heat transfer coefficient

Cold side (directly exposed to tubes)
sink temp:
Convective heat transfer coefficient

Cold side (indirectly exposed to tubes)
Sink temp:
Convective heat transfer coefflcienti

Cold side (covered by support brick)
Sink temp:
Convective heat transfer coefficient

2800 deg F (1520 deg C)
21.2E-5 Btu/sec/in2/deg F
110 Btu/hr/ft2/deg F
(625 W/mZ/C)

1700 deg F (900 deg C)
9.6E-5 Btu/sec/in2/deg F
50 Btu/hr/ft2/deg F
(284 W/m*/C)

1700 deg F (900 deg C)
4.8E-5 Btu/sec/in2/deg F
25 Btu/hr/ft2/deg F
(142 W/m*/C)

2000 deg F (1070 deg C)
0.96E-5 Btu/sec/in2/deg F
(5 Btu/hr/ft?deg F)
(28 W/m2/C)

Aw@
Due to symmetry only 1/2 of the brick was modeled. The face of the brick lies in the y-z

plane. The thickness of the brick lies in the x direction. The brick was constrained by the
symmetry plane in they direction. One node was fixed in the z direction and 2 nodes were
fixed in the y direction. A minimum number of constrains was used to avoid inducing
additional stress. The model assumes the material has infinite strength and that the
deformation is elastic.
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Results

Exhibit 2.2-42
Stress and Deflection Results

AZSCr

Stress psi (kPa)

Max Tensile Sigma X 1,224 (8,500)
Max Compressive Sigma X -2,557 (-18,000)

Max Tensile Sigma Y 1,256 (8,660)
Max Compressive Sigma Y -2,821 (-19,500)

Max Tensile Sigma Z 1,250 (8,620)
Max Compressive Sigma Z -3,288 (-22,675)
Max Von Mises 2,491 (17,180)

Temperature deg F (deg C)
Hot Face 2,683 (1452)

2,745 (1486)over wing
Cold Face 1,958 (1049)

Delta Temp 725 (403)

The model indicates that AZSCr results in low levels of stress. All of the materials
considered have tensile yield stresses of 5,000 psi or less. AZSCr has a tensile strength of
1,670 psi (11,500 kPa) at 2700 deg F (1461 deg C). AIl the ceramics are much stronger in
compression than in tension. Like AZS, AZSCr is expected to be ductile at elevated
temperatures. Testing is needed to evaluate AZSCr for corrosion and creep.
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Task 2.3- Ash Management
Previously, viscosity tests were run on an Illinois No. 6 Baldwin slag and a Powder River

Basin (PRB) subbituminous coal slag. These tests were conducted under three types of
atmospheres: air, air + 10% H20, and reducing + 10% H20. The reducing environment was
created by flowing a gas consisting of 45% CO, 23% C02, and 32’XOH2 over the sample. Exhibit
2.3-1 shows the composition of the two slags in weight percent oxide. The Illinois No. 6 slag has
more than twice the amount of iron as that of the PRB, while the PRB slag has almost four times
the calcium. The initial results showed little difference in the viscosity with atmosphere change
for the Illinois No. 6 slag. This is contrary to what would generally be expected, as the Illinois
No. 6 slag is enriched in iro~ which should be in a reduced state under reducing gas ant
therefore, provide flux to the slag to reduce its viscosity. Under air, the iron would be expected
to be in a higher oxidation state, which in general tends to increase the viscosity of slag. In
additio~ low-iron PRB slag showed a significant eff~t of atmosphere. Since the initial results
were perplexing, new samples were prepared, and viscosity tests were rerun.

The viscosity tests were run using a Haake RV2 viscometer. The viscometer is connected to
a personal computer through an analog-to-digital converter. Data collection software written at
the EERC and residing on the PC reads the viscosity data and records this to a file. To ensure
that the viscosity has reached equilibrium, the data collection progmm plots the viscosity of the
sample versus time on the PC screen. When the temperature of the sample is dropped, the plot
of viscosity increases with time and then levels off to a slope of zero at equilibrium. In this
fashion the operator can determine when equilibrium has been reached by visual inspection of the
graph. Prior to rerunning the viscosity tests, the viscometer was serviced by a factory technician
and calibrated using a National Institute of Standards and Technology (NIS’Q 710a glass
standard. The res@s of two calibration runs plotted against the certified viscosity are shown in
Exhibit 2.3-2.

Exhibit 2.3-1
Bulk Composition of Coal Slags, wt’%0

IllinoisNo. 6 Baldwin Slag PRB SubbituminousSlag

SiOz 48.6 38.9
AlzO~ 23.1 20.8
F~O~ 14.3 6.1
Ti02 ~ 1.2 1.5
Cao 5.6 23.3
MgO 1.6 6.6
NazO 0.5 1.5
KZO 3.1 0.4

P~o~ 0.3 1.2’

The results of the viscosity tests are shown in Exhibits 2.3-3 and 2.3-4 for the PRB
subbituminous and the Illinois No. 6, respectively. For comparison, the previous results are
shown in Exhibits 2.3-5 and 2.3-6. The trends seen in the original viscosity runs are readily
apparent in the reruns; however, the temperature has been shifted. This shift is a result of
calibrating the sample temperature with the temperature of the fhrnace controller. The furnace
controller reads the temperature inside the fiunace very near the heating elements. The actual
sample position is inside a ceramic tube placed in the center of the firrmce. Inside this tube is
another tube which has a flat ceramic plate on top to act as a pedestal for the sample. Since the
sample resides a distance away from the fi.unace controller thermocouple and on the inside of a

2.3-1



ceramic tube, the temperature at the sample position was not necessarily that of the fhmace
thermocouple, so this was corrected.

In the new Illinois No. 6 slag viscosity images, it ean be seen that there is little difference
between the viscosity under reducing conditions and under air. The PRB slag, however, shows a
significant decrease in the viscosity under reducing conditions. It is genemlly believed that the
iron should reduce to a lower oxidation state under redueing atmospheres and provide a non
bridging oxygen that will break up the silicate three-dimensional glassy network and thereby
reduce the viscosity. The results of the Illinois No. 6 test do not appear to adhere to this theory.
It maybe that the way in which the slags are prepared for viscosity measurementis oxidizing all
of the iron in the sample to Fq03 and the redwing environment of the viscosity fiunace is not
reactive enough or the duration of exposure to this atmosphere is not long enough to reduee it all
back to a lesser oxidation state. Currently, the samples are prepared by placing the slag in a
platinum crucible, placing the crucible into a 1500°C (2732”F) fhmaee ant when the slag has
degassed and is molt~ pouring the sample out onto a metal cooling plate. To test whether this
procedure is the cause of the unexpected results, some of the Illinois No. 6 unprepared slag was
placed direetly into the viscosity fhrnaee and degassed it under a reducing atmosphere in situ just

prior to measuring the viscosity.
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Exhibit 2.3-2
Viscometer Calibration Runs Using NIST Glass Standard
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PRB Subbituminous Viscosity Temperature
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Exhibit 2.3-4
Illinois No. 6 Viscosity Temperature Curves
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The PRB subbituminous slag showed a difference in the color of the slag after the viscosity
test had been run under different atmospheres. Under air + 10’XOH20, it appeared golden in color
at the surface, while under reducing conditions it appeared green at the surface. X-ray diffraction
was ptiormed to determine if the color change reflected a crystalhne phme change upon cooling.
-The results indicated that the same crystalline phases are present in both samples: nominally
plagioclase, quartz, and ferrite spinel. However, the air -t 10% H20 slag contained more of the
plagioclase phase. This effect may be due to the reducing environment extracting some of the
oxygen from the melt and not allowing the oxidized crystalline phases to precipitate out or
because the lower viscosity permitted more complete crystallization.

1“ ““
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Task 2.4 Duct Heater Design

Thecombined cycle power plant described in this document will utilizea 161 MWe gas
turbine powered generator. From thermodynamic analysis of the combined cycle it has been
determined that the optimum input temperature for the power turbine should be 2495° F
(1640K) at 225 psia for an air mass flow rate of 726.5 lbm/s (330 kgk). Since the high-
temperature coal-f~ed air heater will operate with a discharge temperature of 1700° F (1200K), a
boost heater is needed to provide the additional energy to operate the turbine at the required
power output. The key requirements in the design of the boost heater are:

s Pressure drop less than 1.5%0of air flow total pressure

● Utiorm exit temperature profile

● Ultra-low emissions of NOX and CO

Air Heater Construction

Studies of the production of NOX in flames (Seme@rL 1977, Tack 1990, Merryman,
1975) have indicated that the production of “thermal” NOX increases dramatically when

combustion temperatures exceed 2420F (1600K). Therefore, to reduce NOX emissions from the
boost heater, it is imperative that temperatures above this level be avoided. The optimum
configuration will involve rapid mixing which maintains a fhel-lean mixture at all times and
prevents temperatures from exceeding 2420F (1600K). Premixing is not possible due to the high
inlet temperature of the gas stre~ the natural gas will oxidize very rapidly under the inlet
conditions (reaction times <30 msec). Residence times should be kept to a minimum at elevated
temperatures in order to curtail reactions in the high temperature, very fhel lean flow which is
proposed by the cycle analysis.

To provide rapid mixing with low pressure loss, the concept of centrifugal mixing, which
utilizes density gradients within swirling flow to promote instability and _ will be utilized.
This concept has been investigated for over 15 years at UTRC and Pratt & Whitney Aircraft
(Vranos, 1982, Freihaut, 1989, Markowski, 1976, Johnsow 1986). Experiments detailed m
Freihaut (1989) have demonstrated complete mixing of gaseous fheled diflksion flames in as little
as 1.5 duct diameters under high intensity flame conditions. .

The concept of centri.fbgal mixing involves utilizing the instability created by density
gradients within a swirling flow to enhance mixing between the flows. The concept of centrifugal
mixing involves utilizing the instability created by density gradients within a swirling flow to
enhance mixing between the flows. For an axisymmetric, swirling fluid with a small dial
velocity, the condition for dynamic equilibrium is given by the equition

Here pu is the density of unburned flammable mixture, w is the tangential velocity, p is the
static pressure, and r the distance from the center of rotation. If an annular element of fhiunable
mixture is suddenly ignited along its periphery (as in the case of an annular pilot flame), a local
density change is introduced, and the dynamic equilibrium is upset. This leads to a radial
acceleration, so that
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‘2 + pb~—= ‘Pb~

ilr

Finally, the radial acceleration of a fluid element is then given as:

The subscripts u and b refer to unburned and burned flui~ respectively. If the combustion
kinetics are sufficiently fast, the acceleration is tantamount to inward flame propagation, and the
propagation rate is controlled by the density ratio of burned and unburned gases, and the
acceleration term WZ/r. An excellent ctmrelation has been found between turbulent flame speed
and WZ/r. It is believed that inertial effects induced by fluid rotation can substantially increase
the rate of heat and mass transfer between the two streams. Experimental data and theory
indicate that the centrifiigal acceleration effects become pronounced when the centripetal
acceleration exceeds 1000.

To minimize NOx emissions, the fuel input must be tailored to maintain constant fhel-lean
conditions. The kinetics of natural gas oxidation at the elevated temperature and pressure of the
air stream were studied using a chemical-kinetics code (CHEMKIIW3). The calculations
determined that at an equivalence ratio (0) = 0.18, the fhel is completely oxidized’ in 29 msec.
The important fact to note is that the inlet conditions to the heater promote rapid oxidation of
the fiel. The heater is not a combustor in the conventional sense. No ilame stabilization is
required, no piloting zones, no recirculation for flame retentio~ and no dilution for temperature
profiling is needed for this type of heakr. What is most important is rapid mixing at minimum
pressure loss, with stoichiometry carefully controlled to ensure complete oxidation with
minimum NOx production.

The intricate interaction between the aerodynamics of mixing and chemical kinetics have to be
examined at the conditions that will be anticipated for the gas turbine to be used in the HITAF
combined cycle systeq especially if the HAT Cycle is to be explored. To accomplish this, a sub
scale facility is b~g constructed at UTRC that will enable testing of candidate centrifugally
enhanced rnixers/fiel injectors at up to 1700°F (1200K) inlet temperature with a target discharge
of 2495° F (1640K). This facility @l operate with an air mass flow rate of 5 lbnds (2.27 kg/s)
and chamber pressures up to 28 atmospheres at the desired operating temperature. This will
enable testing of a 1/6 scale model of the boost heater mixer. The centrifugal mixing fiel injection
concept as will be applied to the induct boost heater is shown schematically in Exhibit 2.4-1
where a duct cross section is shown along with a detail of a swirlerhnjector. -A schematic of the
heated flow mixer evaluation apparatus is shown in Exhibit 2.4-2. This facility will utilize a gas
fired air heater on the f~st stage that can provide a maximum temperature of 900° F (755K) at 20
lbrrds (9.08 kgh); the heated air is not used in the combustion process. The remahing stages are
electrically heated. The air supply for this system is capable of supplying up to 20 lbmh (9.08
kg/s) at 400 psia at steady state conditions. However, for this experiment, the air mass flow rate
will be limited to 5 lbmk (2.27 kgk) due to the high electrical energy requirements to heat this
mass of air to 1700° F (1200K).

2.4-2



The diagnosticsto be used for evaluation of the performance of the boost heater mixer will
include (1) axial and radial temperature profiles in the duct to determine the time-temperature
history of the mixing flow, and (2) axial and radial profiles of gas composition. The on-line gas
analysis equipment to be used include NDIR CO and COZ analyzers, FID total unburned

hydrocarbon analyzer, paramagnetic 02 analyzer, and a chernilurnimcence NOX analyzer. If

required for detailed chemistry, a timeof-flight (TOF) mass spectrometck can be used that is
capable of measurement in the parts-per-billion (ppb) level for certain species. Two gas sampling
probes am being constructed for this investigation, one constructed of stainless steel and the
other of quartz and stainless combination with quartz at the inlet section to reduce any surface
interactions with the sample gas. Previous work in turbulent reacting jet studies has shown the
validity of this probe design for obtaining accurate CO, NO, and N02 samples. The inlet orifice
to the round nose probe is 1.02 mm diamet~ the outer diameter is 6.2 mm. The probe was
designed to provide a rapid quench of the sample by dilution with argon. Internal to the probe,
the argon diluent line discharges into the sample line directly downstream of the orifice; the entire
probe and diluent will be maintained at 300° F (420K) to prevent condensation of water ,vapor in
the sample line with subsequent loss of CO or NO. An ice bath will be located immediately
downstream of the probe to rapidly cool the sample and condense the water vapor. The total
transit time of the sample flom probe inlet to condenser will be 0.5 sec. Heated sample to the
total unburned hydrocarbon analyzer is diverted just upstream of the condenser.

For temperature profiling in the flame zone, an ultra-fine wire platinum-platinum/13%
rhodium thermocouple will be used. The measuring bead of this thermocouple is formed by butt-
wekling 0.005 cm diameter wires, and locating the measuring junction 90 diameters fkom the
0.025 cm diameter lead wires. The measuring junction is coated with a nuxture of 10% beryllium
oxide-90% yttrium oxide to minimize catalytic effects. Emissivity of the measuring junction will
be measured by the method as described by Bradley et al (1961). A fine wire thermocouple of
this size is needed not only to minimize conductivity losses to the thermocouple support, but
because the actual reaction zone will be very thin at the high pressures that will be tested.
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Exhibit 2.4-1

Low Emissions In-Duct Boost Heater Cross Section
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Optical diagnostics for species measurements

Classical line-of-sight absorption techniques developed in the 1970’s can be used to make in-
situ non-intrusive measurements of NO and OH concentrations in combusting systems. These
techniques make use of spectral absorption in the W region. By using either resonant sources or
high resolution spectrometers the ratio of eleetrouic transitions can be measured and used with
existing models to determine species concentration. NO and OH are the species of interest
although the technique is applicable to other speeies as well.

A system to measure NO is described briefly. The OH measurement is similar in concept. A
DC discharge (500 VDC, 50ma] in flowing air at low pressure (2-4 torr) produces emission lines
from NO molecules which serve as a source. The UTRC water-cooled hollow cathode lamp that
will be used is shown in Exhibit 2.4-3. The W spectral output of the lamp in the region of
interest is shown in Exhibit 2.4-4 at low resolution with several of the transitions labeled. The
light from the lamp is focused through the region of interest and then colleeted and measured with
a spectrometer. Since the source produces ground and excited state emission lines the attenuation
of the ground state by absorption can be used to determine concentration (Beer-L.arnbert law).
Exponential dependence on pathlength makes the technique very sensitive to changes in
concentration although a line of sight average is obtained. Typical calibration data are shown in
Exhibit 2.4-5.
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Exhibit 2.4-3
UTRC Water-Cooled Hollow Cathode l-amp
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Exhibit 2.4-4
UV Emission Of The UTRC Hollow Cathode Lamp
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Exhibit 2.4-5
Low Resolution NO Absorption Spectra
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In this program absorption measurements will be made at several radial chords across the
combustor using stepper motors to translate the source and receiver. The hardware will be made
robust by using fiber optics to couple the lamp and spectrometer. Subsequent use of an Abel
inversion scheme will then allow a 2D average concentration distribution to be obtained at a given
axial position relative to fiel injection, With axial translation of the absorption “plane” a 3D
profile can also be obtained.

Flow Visualization /Mixing Performance

In this program planar imaging will be used to infer mixing performance using Mie scattering.
Alumina particles introduced into the fuel stream from a fluidized bed are used as flow markers.
Laser illumination with a light sheet and viewing the scattered light at 90 degrees to the sheet
gives an image of the fhel distribution as a function of position and time. Typically 220,000 data
points (pixels) are obtained simultaneously with spatial resolution determined by the available
optical access. It is expected that images on the order of 2 x 10 inches (5 x 25 cm) will be
acquired with a spatial resolution of about O.17“ (0.43 cm). The plane is positioned parallel to
the flow so that the image records the axial distribution (2” {5 cm} dimension) over a section of
the diameter of the combustor. Radial translation of the light sheet allows a 3D profile of the
average distribution to be obtained. Although average distributions are generally sufficient to
evaluate mixing performance, exposure times on the order of 10us can be used to essentially
“freeze” the flow and allow fluctuation information to be acquired. Typical mean distributions
as a fimction of downstream position in a cylindrical test section is shown in Exhibit 2.2-6.

fully
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Exhibit 2.4-6
Typical Jet Mixture Fraction Distributions as a Function Of Downstream Position

The combustor shown in Exhibit 2.4-2 will be provided with 4 optical ports per axial station
for optical profiling of the flame zone, Each window can be replaced with a probe sampling port
for gas sampling or temperature measurements with a thermocouple. The interior of the
combustor will be lined with a nickel liner which has been coated with a layer of zirconia to
provide a thermal barrier. This inner liner will be used to minimize heat loss to the combustor
walls so that the effects of the outer boundaries on the flow field will be minimized. Standard
ceramic brick insulation will be used outside of the nickel liner to insulate the liner from the
combustor vessel. The quartz windows will be provided with an air purge to prevent NO
buildup within the window flange area and to maintain the desired window temperature.

2.4-8



r

Optimization of Combustor and Inlector

One of the cycle analysespresented an option of startup operation with the gas turbine being
operated with 100% natural gas firing. In consideration of this type of operatio~ it would
appear that an optimum combustor configuratio~ one that would operate either with prehe@d
air at 1700° F (1200K), or compressor discharge air at 7300F (660K), would entail replacement of
the fiel injectors arid combustor dome with the centrifugal mixer/injector. The FT4000 combustor
has 24 injectors distributed in an annulus; the combustion air and dilution air holes in the
combustor liner are used to obtain the appropriate temperature distribution along the combustor
length and to achieve an acceptable temperature distribution at the exit. By replaeing eaeh
standard fiel injector with a centrifugally enhanced mixing injector, and mod@ing the combustor
to eliminate the combustion air holes, it may be possible to use the existing combustor envelope
for the boost heater. With a design of this type, using the existing combustor modified to ~cept
the centrifugal mixer, operation with 100’7omethane (no air preheating afbr the compressor
discharge) may be possible. The residence time in the FT4000 combustor is estimated to be on
the order of 5 msec based upon simple one-dimensional flow analysis. This scenario is based
upon using the existing combustor envelope for the FT4000. In reality, since the compressor
discharge will be taken off board to the air heater and “ihenbrought back to the combustor, the
final physical configuration will allow for a longer combustor and therefore a longer residence
time if required.

Computer models were run to determine the adiabatic flame temperature with natural gas
with an irdet temperature of 730° F (660K) at 225 psia. For these inlet conditions, a temperature
of 2545° F (1670K) can be achieved at an equivalence ratio of 0.45 (@ = 0.45). With the fhel
input and air flow flom the cycle analysis, the amount of air to be used in the combustion
process can be ealculate~ the mmining air is used for cooling of the liner and dilution of the
combustion products. This analysis determined that 45% of the air will be used in the
combustion process and 55% will be cooling and dilution sir. Based upon these flow splits, the
maximum temperature that will be achieved in the combustor will be approximately 2900° F
(1866K); this will be diluted to the required discharge of 2495° F (1640K). An iteration on
equilibrium calculations then produced the results that the burner equivalence ration (0) will be
0.55 to achieve that temperature. This requires 38% of the compressor discharge to enter the
combustor and mix with the fiel for the combustion process; the ~g 62% will be liner
cooling and dilution air. Calculated residence times were used as input to CHEMKIN@ PSR
(perfectly stirred reactor) calculations to determine the extent of reaction and predict NO
emissions. These results predict that in the case of 100% natural gas combustion in an FT4000
combustor (assuming a perfectly stirred reactor which is the closest approximation to the
centrifugally enhanced mixer), NO production will be between 3-5 ppm. The fbel flow rate for
100VOnatural gas firing will be = 19 lbrnls. The calculated NO production born the natural gas
flame will be= 0.008 lbm per million BTU of fuel input.

In the mode of operation where the compressor discharge air is directed off board to the air
heater, the combustor will be used as the boost heater as generally deseribed above. The air
through the combustor will enter at 1700° F and the fhel will be oxidized to provide a discharge
temperature of 2495° F (1640K). The 24 centrifugally enhanced mixer/injectors should provide a
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uniform mixing profile and low NOXemissions using 3 inch diameter swirlers located in the 5 inch

high dome region of the FT4000 gas turbine combustor (modifkd for the new injector
cord&uration): The exact combustor configuration will be determined by the design required for
ducting the compressor discharge to the air heater, and by the desire to operate a humid air
turbine (HAT) cycle. The residence time needed to provide complete combustion under the 3
scenarios will dictate the”length of combustor needed Flame stability and piloting will be an
important consideration when operating with 100% natural gas firing.

Status of Facility Air Preheater

The electric resistance air heater manufactured by Phoenix Solutions of Minneapolis, MN is
in the final stages of preparation. The power supply and switchgear will be ready for shipment
to UTRC by late October and installation of the power cabling will proceed. This air heater
requires 1.6 MWe inlet power at 4160 V% this power is converted to a d.c. voltage which is
controlled through the power supply and heater control system to supply the necessary energy
to the heater to achkve the desired air temperature. The current output of the power supply is a
maximum of 8000 amperes. The heater pressure vessel is being modified to accommodate ASME
pressure vessel code requirements for the multiple penetrations through the pressure vessel head.
Delivery of the heater with screen elements is not expected until late December of 1996.
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Task 2.6 Operations and Controls

Sensor/Instrumentation Needs

Monitoring the following parameters will be critical to the operation and control of HITAF
and to managing the interaction between the heat recovery steam generators and HITAF:

convective air heater exit temperature;

radiant air heater exit temperature;

coal air distribution to the HITAF burners;

. HITAF burner operatioq

HITAF exit gas composition (CO, 02, NO., NH3);

HITAF exit gas temperature;

. slag screen conditions;

temperature of steam flows between HRSG 1 and 2.

Temperature

The ability to monitor and control the HITAF and combined cycle system relies on accurate
temperature measurement of the working fluid (air) in the range 800 to 1400 K (1000 to 2000”F).
Typical measurement requirements are as follows.

1. Measuring the temperature in the convective and radiant air heaters provides an indication
of the distribution between convective and radiative heat transfer and will be necessary to

.
control the firing rate.

2.

3.

4.

Measuring the temperature in individual radiant air heater panels will provide a valuable
cross check to other measurements of fiel and air distribution as well as providing
warning of tube ftilure.

Measuring steam temperatures in lines transporting steam to heat recovery steam
generators 1 and 2 will be necessary for dynamic control of the system.

Measuring the air exit temperature from the radiant air heater will be necessaxy for
controlling the ftig rate in the duct heater.

Thermocouples have had a poor record of long term stability and survivability at high
temperature. Typical ltietimes at high temperature have ranged from 3 to 6 months and accuracy
was maintained for shorter periods. The degradation in measurement accuracy of unstabilized
thermocouples can be as much as 6 K (10”F) in 10 days. For example, during the 1980’s, Riley
Stoker embarked on an aggressive project to characterize fhrnace heat transfer. This required
installation of hundreds of chordal thermocouples in the water wall tubes of two utility boilers.
After only a month or two, about half the thermocouples had failed. High failure rates and
unreliable readings after relatively short periods of time have always plagued steam temperature

2.6-1 “



readings. Recent advances in thermocouple technology have yielded new thermocouples with
higher stability.

Stabilized thermocouples will be needed for operation of HITAF. These can achieve a drift in
the calibration of less than 1 K (2°F) after 3200 hours at 800 K (1OOO”F)and 3 K (5°F) after 240
hours at 1500 K (2300”F). Thermo Electric Corporation manufactures stabilized type K and
type E thermocouples.

As discussed in more detail below, an accurate measurement of the flue gas temperature
entering the SNCR zone is critical for maximking NOXreduction and mkbizing ammonia slip.
The SDX SpectraTemp” instrument will provide these measurements.

Deposit Monitoring

Two methods have been identfled to date for monitoring deposits in the radiant ~ heater or
m takes an infrared image of an object’sslag screen. Diamond Power Product’s Flarneview

surface and computes a temperature distribution. The resulting image is color-coded to give a
temperature map of the surface. The absolute accuracy of the temperatures reported by
Flamevieww is not known, but this instrument does provide information on the uniformity of
slag coverage.

Pyro Instrument Company’s Pyro Laserw is an infrared pyrometer used primarily in the
metals processing industry for monitoring product quality. The device operates by shining a
laser (0.865 micron) at the object’s surface. The reflected laser light is used to determine the
ernissivity of the surface. The wavelength of the laser is chosen to avoid absorption of the laser
ener~ by gaseous combustion products. (It is not yet known whether the presence of ash
particles in the gas will ai%ectthe measurement:) Knowing the emissivity of the surface allows
accurate measurement of the surface temperature. Pyro LaserTMmight be used to characterize
not only the temperature, but the thickness and nature of the slag using surface temperature,
working fluid temperature, and emissivity of the slag.

Burner Operation

Burner operation is best monitored using the signal from the flame scanner. Fuel and air flow
can (and should) be monitored, but they do not always represent actual flame conditions. PSI has
demonstrated that the information contained in the flame scanner signal is directly related to the
turbulent mixing in the burner ignition zone. Mixing is a sensitive indicator of air-fbel ratio,
burner instability, and NO formation in the flame. PSI has developed a new method for diagnosis
and control of individual burners using itiorrnation obtained’ flromflame radiation sensors. The
flame radiation tiormation, when properly processed, provides a fingerprint of burner
aerodynamics. Flame quality factors (FQF’s) are specific indices that result from processing
temporal frequency spectra of flame radiation signals. PSI’s proprietary SpectraTuneTM method
uses FQF’s to identi& out-of-tune burners and provides a means to balance burners. In a
previous pro@ams, PSI has verified that the SpectraTuneTM system could be used to distinguish
changes in stoichiometric ratio and NOX production for coal and gas-fued operation at several
pilot-scaie combustion facilities. In additio~ a full scale demonstration at a power plant
demonstrated a reduction in the burner-to-burner variation in air-fiel ratio. During Phase II, PSI
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will pursue application of its proprietary flame radiation processing methods to the HITAF
burner application.

Air Flow

Measuring air flows to individual burners will be necessary to achieve minimum NO,
emissions; the technology is commercially available. Air Monitor makes low pressure drop &
flow measurement devices for both cIean and dirty gas environments. Currently, Air Monitor’s
probes are used by all major burn&manufacturers to measure primary and secondary air in low-
NOXcoal burners.

Coal Flow Measurement

EPRI is sponsoring a Coal Flow Measurement progam in which three measurement methods
are being developed: microwave, acoustic, and nuclear magnetic resonance (N?vfR).

The microwave method differs from current practice by using an active receiver across the
duct. The Doppler shM and signal attenuation afe both measured and used to calculate the mass
flow of solids.

The acoustic method relies on analysis of the amplitude of acoustic power in both the time
and frequency domains. Chaos theory is used to interpret the time domain and analysis of the
power spectrum is used to interpret the frequency domain. Both analyses are used to infer the
solid flow rate.

To date the NMR method has only been evaluated analytically. The microwave and acoustic
methods have been tested on bench scale apparatus. In the near future the microwave and
acoustic methods will be tested in a closed-loop pneumatic transport system at Lehigh
University. A report is expected out in the spring of 1997.

Currently there is a solids flow meter (Granuflo) available from Ramsey Technology which
uses the Doppler shift of reflected microwave energy to deduce the solids flow rate and the signal
intensity to measure solids concentration. At constant air velocity, this device can provide a
reliable coal flow signal.

Furnace Exit Gas Composition

Stack measurements are not adequate for process control. In any coal-f~ed power system
that utilizes an induced-drafi fm to pull flue gas to the stack (the vast majority of existing boilers,
and the specification.for HITAF), outside air will be drawn into the flue gas through leaks in the
duct work or expansion joints thus diluting the flue gas. Since irdeakage is determined by local
diluting pressure which is highly variable, ppm values measured in the stack can also vary
unpredictably with such factors as ID/FD fan balance, ash deposits on convective tubes, excess
air levels, or mills in services. In the worst case, leakage amounts may be coupled to the
combustion control scheme.

Therefore, either HITAF NOXcontrol systems or conventional boiler combustion or post-
combustion control systems are best served by gas concentrations measured at the furnace outlet.
Since probe maintenance is a potential problem at fi.u-naceexit gas temperatures, the preferred
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measurement location for process control “is the economizer outlet duct in conventional boilers,
In the HITAF, such measurements should be made upstream of the HRSG.

~ AII open path instrument which gives an across-the-duct measurement will prove superior to
a point measurement (e.g., an extractive sample) in order to meet these needs. Several
commercial instruments that measure one or more gas species using an open path system are
discussed below. Exhibit 2.6-ldetails the gas species which can be measured with open path
measurement systems currently..

There are no reliable, accurate techniques that can measure two or more of these gases
simultaneously. The instrument closest to commercial acceptance as a multi-species analyzer is
the ABB OPSIS instrument. OPSIS uses a technique called Differential Optical Absorption
Spectroscopy (DOAS) to measure concentrations of several species along the same optical path.
Light from a broadband source is collimated and directed across the duct to an optical fiber at the
receiver. Absorption spectra are then deconvoluted using an on-board computer based on
reference spectra for all gas components. Since broadband absorption has little spectral structure
and can be difficult to differentiate from scattering by ash particles, the DOAS technique only
uses the narrow band structure. The measurement signal is created by dividing the raw signal by
a reference signal and then looking at the difference between the sample signal and a 5th order
polynomial fitted to the signal.

Exhibit 2.6-1
Measurement Capabilities of Open Path Instruments for Flue Gas Constituents
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The problem with OPSIS and other techniques that utilize the W spectrum is the overlap of
absorption lines from a large number of flue gas species.. In essence, the computer must guess
one specie (usually S02) in order to back out other gas concentrations. If the guess is too far off,
the soIution algorithm will not converge or reach a unique solution for other gases. Trace species
like ammonia are likely to suffer the largest error.

Another in-situ, multi-gas analyzer that has recently entered the CEM market is the STAK-
TRACKER@ supplied by G.E. Reuter-Stokes. This instrument monitors up to six gases
simultaneously using IR absorption. An infkred beam, chopped at 900 H~ makes a double pass
through the flue gas stream via a telescope and retro-reflector conilguration. The beam then
passes through a filter assembly that switches between two separate filters, one tuned to the gas
species being measured and the other to an adjacent wavelength where the specie is not absorbed.
The detector measures the ratio of the two signals. This ratio is interpreted by an on-board
computer to produce a measurement of the gas component concentration. To provide multi-
species meastirement, the STAK-TIL4CKER@can be built with up to six double filter windows
that are programmed to rotate into and out of the reflected beam. One complete rotation can be
completed in about 3 seconds. The instrument is said to be able to compensate for interfering
background gases (C02, H20), flue gas temperature and particulate loading, and dust
accumulations on windows because the ratio method is not affected by changes in transmitted
light.

Thus far, the instrument has only been applied in the exit duct or stack where flue gas
temperatures are relatively cool (below 670 K). Gases measured include S02, N02, C02, CO,
NH3, Cm, and total hydrocarbons. The accuracy of any IR instrument will suffer as the
temperature increases due to broadband thermal radiation. IR instruments are not generally used
at temperatures above 800 K (1OOO”F).

The STAK-TRACKER@ can measure the same gases as SpectraScan@, but not at the
same level of accuracy. Ammonia especially can be monitored more accurately by SpectraScan@
at the ppm level in the presence of varying amounts of water vapor. For HIPPS, the multi-gas
measurements must be made at flue gas temperatures of about 1250 K (1800”F). For now, such
high temperature operation is beyond the capability of STAK-TRACKER@ but not
SpectraScan@. By using the cooling and cleaning system already proven in its SpectraTemp@
continuous fhrnace exit gas temperature monitors, SpectraScan@should achieve high temperature
operation.

The most important gas component of the flue gas that cannot presently be measured non-
intrusively is 02. The lack of a non-intrusive 02 monitor means’ that 02 cannot be measured
upstream of the staging air where temperatures will be in excess of 1800 K (2900”F). The
addition of striging air before a gas analysis can be made will ehi.nate a direct. measurement of
burner operation. Therefore the performance of burners and fhel and air distribution cannot be
monitored directly based on composition. Because fbrnace exit gas composition cannot be used
to monitor burner operation, it will be necessary to use measurements of fuel and air flows along
with flame signature information to control the burners.
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New Instrumentation for NOX Control in HITAF

Introduction

Application of urea or ammonia injection is being designed as part of an integrated NO,
control system for the High Temperature Advanced Furnace (HITAF). Ammonia or urea is
injected into the boiler through existing ports at temperatures where NOX will react with the
chemical reagent to form N2. Since ammonia slip results from injecting excessive reagent ancb’or
low injection temperatures, the NH3 measurement allows on-line tuning of the NOX reduction
process. A well-tuned non-catalytic NOX reduction process is capable of 30 to 50% NOX
reduction before excess ammonia appears in the flue gases. Reagent utilization (the percentage .of
reagent that actually reacts with NOX)depends on the time/temperature distribution available in
each boiler, but usually ranges from 15 to 40°/0in retrofit applications. ~

By designing the NOXreduction region for rapid reagent mixing, constant temperature, and
feedbacldfeedforward control, much greater NOXreductions and higher reagent utilization are
possible. Under ideal laboratory conditions at University of Utah, 90% NOXreduction and 70%
reagent utilization have been measured. The HITAF will be designed to approach ideal NOX
reduction conditions, but advanced sensors and controls will be required to hold these conditions
throughout the operating range of the HITAF.

The SpectraScan@ammonia monitor is manufactured -by Spectrum Diagnostic (SDX) and is
currently beiig used to monitor and control ammonia slip from post-combustion NOX emission
control systems retrofitted to utility and industrial ‘boilers. The SpectraScan@ fhmily of trace gas
monitors can be applied to HITAF NOXreduction system control. Using unique tunable diode
laser technology, SpectraScan@ is capable of monitoring a wide range of gaseous species
simultaneously and continuously. Even though extractive sampling is currently used for
ammonia monitoring, the SpectraScan@technique is equally amenable to in-situ monitoring by
projecting the laser beam across a boiler duct. R will be important, however, to develop the NOX
control system components (equipment, sensors, controls) together to achieve the desired level
of performance.

First, the preliminary NOXcontrol system design will be reviewed with special emphasis on
the sensor needs and constraints. All NOXcontrol components will be discussed, even though
the SpectraScan@will be used primarily for monitoring performance of the post-combustion NOX
control system. Then, details of how the SpectraScan@will be used to improve NOX control will
be discussed. The discussion will include competitive advantages created by the use of
SpectraScan@for SNCR systems in general and the HITAF in particular.

The following recommendations will be discussed and justified:

● Gas species to be monitored and controlled

. Location of optical paths

@ Issues relative to instrument location

. Issues relative to process control.

The results will be used by SDXto finalize details of an instrument development plan.
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HITAF NOX Control System Overview

Coal is combusted in the HITAF for the primary purpose of heating compressed air. The
heated air is then expanded through a gas turbine to genemte electricity. Additional heat is
extracted fi-omthe flue gas in a steam bottoming cycle, resulting in a combined cycle efficiency of
47 to 52% (HEN). Although the HITAF concept is simple, the actual design places constraints
on the NOXcontrol system. .

High compressed air temperatures require high combustion temperatures to drive the radiative
heat transfer. High combustion temperatures are best achieved using high heat release burners
tuned to near-stoichiometric air-fiel ratios. This type of combustion generates high NOX
emissions, typically above 1.0 lb/MBtu or at least ten times higher than systems fired by natural
gas. The goal of the HITAF system is to achieve NOXemissions below 0.06 lb/MBtu.

To achieve this NOXgoal, the HITAF will apply the following technologies in series:

. Low-NOXburners with separate air-fhel ratio control

● Coal reburning

. Adiabatic selective non-catalytic reduction

. Hybrid selective catalytic reduction.

Each technology is discussed below.

Low-NOx Burners

The 300 MW conceptual plant design consists of two HITAFs, each fired by five 10W-NOX
burners. These burners will be fed by separate air and Iiel ducts so that air-fuel ratios can be
controlled on a per-burner basis. The burners are arranged on the top of the fhrnace with one
central burner surrounded by four equally spaced outer burners.

In the preliminary design, all ten burners are fired at a stoichiometric air/fiel ratio of about 1.0
in order to maximim flame temperature. Alternatively, firing the central burner’ at a
stoichiometic ratio of about 0.90 and the outer burners at 1.025 may be a better compromise
between fixnace temperature and lower initial NOX. In either case, close control of individual
burner air-fbel ratios will be required to mhimize NOXand maxhize heat transfer to the radiant
air heater.

Initial burner testing and modeling petiormed by Reaction Engineering predicts a baseline
NOX of about 0.4 lb/MBtu for the HITAF. This prediction was based on a single burner per
HITAF (i.e., without radial staging effects), so it should be considered slightly conservative.

The key to 10W-NOXburner performance is flame attachment. Unless burner ignition is
established at the coal nozzle, the fbel and secondary combustion air can premix causing NOX
emissions to increase. Flame standoff will also shift the heat release downstream, thus degrading
the performance of the radiant air heater.

An array of 15 intelligent flame scanners has been specified for monitoring and controlling the
burners as shown in Exhibit 2.6-2. Each burner will have a conventional flame scanner located on
the burner front to tie in with the flame safety system. The primary function of the bumer-
mounted scanners is to assure the presence of individual flames. If a flame goes out, a controller
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will shtit off fuel flow to the affected burner in ox-derto prevent a possible explosion. In addition,
ten advanced scanners will be airned from the hate side walls at a point at the base of each
flame (two aimed at each burner). The main purpose of the side wall scanners is to assure tight
flame attachment by sending a signal calling for burner adjustment if the flame wanders too far
downstream. In addition, advanced software in each burner scanner will process oscillations in
the flame signal to monitor changes in burner aidfhel ratio, mixing rate, or flame shape. These
parameters can then be optimized for both burner and radiant air heater performance.

Reburning

NOXis further reduced to about 0.2 lb/MBtu by injecting additional pulverized cord into the
HITAF through eight wall openings in each HITAF just downstream of the flame zone. Coal
volatile matter reacts with NOXin the post-flame gases to convert 50 to 70°/0of the NOX to N2
or to reduced nitrogen species such as HCN or NH3. This process is called reburning. The ideal
air-i%el stoichiometric %tio for reburning is about 0.70 to 0.85 (hQher fhmace temperatures favor
higher stoichiometric ratios) but the HITAF will be designed to maintain reburn zone
stoichiometric ratios above 0.90 to maximize heat transfer to the radiant air heater. Staging air to
complete combustion is injected I?om staging air ports located in the eight fhrnace side walls at
the bottom of the radiant fi.mace. Some NOXwill reform when the staging air reacts with reduced
nitrogen species. Uniform dispersion of staging air within the fhrnace cross section will be
required to minimize CO and unburned carbon leaving the combustion zone.

Unburned carbon (sometimes measured as flyash loss on i~tion - LOI) will be measured by
a proven on-line optical instrument called FOCUS, manufactured by Applied Synergistic, Inc.
Because of similar designs, it may be possible to house SpectraTemp and FOCUS in the same
instrument.

SNCR

The radiant firnace is designed for wet ash removal. Flue gas recirculated at a temperature of
about 400 K (260°F) is injected downstream of the radiant Iirnace to quench any molten ash
droplets that escape the screen tubes at the fhrnace outlet. The amount of flue gas recirculation
will be controlled based on temperature measurements tiom an array of SpectraTemp instru-
ments located just upstream of the SNCR section. Six SpectraTemps will be used to measure six
line-of-sight average temperatures. Because the lines-of-sight produce nine points of intersection,
tie temperature control system will also be able to detect a none-point temperature “profile”.
Thus, the amount of dkipersion of FGR can be controlled to ,achieve the optimum temperature
profile for NOXreduction the SNCR region.
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Exhibit 2.6-2
Measurement Needs for NOX Control System in HITAF

The SNCR region is refractory-lined to maintain constant gas temperature for a minimum
residence time of 0.5 seconds. In addition to temperature profiles, the SNCR control system will
require the following continuous datlx

● inlet NOXconcentration

Q inlet flue gas flow rate (total, not just FGR)

● outlet NOXconcentration

● outlet NH3 concentration.

Urea-based systems need to minimhe inlet CO since this gas inhibits the NOX reaction
chemistry, effectively changing the temperature window for maximum NOXreduction.
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From the inlet NO, and flue gas flow measurements, the controller can calculate the moles of
NOX per second passing through the reactor. The reagent flow rate can then be adjusted to
maintain a constant mole ratio of reagent nitrogen to NOX. Given constant temperature and rapid
dispersion of reagent into the flue gas stream, a 50% NO. reduction should be possible at reagent
stoichiometric ratios below 1.0 (greater thah 50°/0reagent utilization).

Reagent that does not react with NOXwill either pass through unreacted as ammonia or burn
to N2 (and a little more NOX ). A fraction of the inlet NOX (2 to 8VO)is partially reacted to
nitrous oxide (NzO) in urea-based retrofit SNCR systems. The”amount of NZO in the exit gases
is related to the rate of temperature quench (i.e., it is highest when urea is injected into convective
pass cavities where superheater/reheater tubes rapidly reduce gas temperatures). In the HITAF
application, only about 1 to 5 ppm of N20 is expected because the NOXreduction reactions take
place at constant temperature.

It will be critical in the HITAF application to monitor and minimize NH3 slip downstream of
the SNCR section. Not only is NH3 indicative of wasted reagent, it can also cause long-term
operating difflcuhies in downstream equipment. Ammonia combines with S03 to form
ammonium sulfate and bisulfate, a white submicron-sized tie that will deposit or condense on
heat transfer surfaces at temperatures below about 500 K (450°F). Deposits on economizer or
feedwater heater stiaces in the heat recovery steam generator (HRSG) may lead to plugging,
derating (due to increased gas-side pressure drop), and eventual shutdown for water washing.
Ammonia salt contamination of fly ash has been a problem in a few retrofit SNCR applications
because the ammonia odor made it difficult for the utility to sell its fly ash.

Hybrid”SCR

Ammonia measurement at the SNCR outlet will also be critical if selective catalytic reduction
(SCR) is required to achieve NOX emission limits below 0.06 lb/MBtu. SCR can only achieve
very low NOX emissions if ammonia and NOX are intimately mixed upstream of the catalyst
section. In retrofit applications, this requirement has been met by installing an ammonia injection
grid in front of multiple catalyst layers. Both the grids and the catalyst represent a significant
capital cost that may be avoidable.

In the HITAF, a small catalyst section has been designed as part of the HRSG, located
between the reheater and economizer sections where the flue gas temperature is expected to be
about 700EF. In-situ monitoring of both ammonia and NOX in a grid upstream of the catalyst
can be used to send a signal to the SNCR control system. . Reagent flow to various SNCR
injectors could be biased according to these feedback signals to produce ammonia and NOX flow
profiles more conducive to lower overall NOX reduction. Thus, target NO. values could be
achieved without increasing total reagent flow, without installing a separate ammonia handling
and injection system, and using the minimum amount of catalyst surface. More on this concept
later.

SpectraScan@ Application to Retrofit SNCR Systems

The SpectraScan@tunable diode laser technology has proven to be the only reliable method to
date to monitor ammonia slip from retrofit SNCR systems. Nalco FuelTech has included the
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SpectraScan@ NH3 instrument as part of a control scheme to minimize urea usage in recent
installations. The current SpectraScan@instrument includes a measurement cell closely coupled
to a heated sampling probe. A gas sample is drawn continuously into a small heated
measurement cell through which a laser beam tuned to an ammonia absorption line passes. The
absorbance of the laser beam by the extracted gas sample yields a measure of the ammonia
concentration in the gas.

Ammonia slip occurs when reagent flow is too high or when gas temperature is too low. The
ammonia measurement is used to decrease urea flow rate until the ammonia concentration is
below a critical value (say 5 ppm at 3% sample 02). If NO, emissions then increase above the
regdated value, the injection location is moved to a higher temperature zone and urea flow is
increased until the NOXlimit is met. The result is compliance at a reagent utilization of about
30’%0(as compared to 10 to 20% reagent utilization without SpectraScan~.

Better reagent utilization would be possible if a more representative flue gas sample could be
obtained. Any extractive sampling system can only obtain a tiny fraction of the total gas stream.
Nalco FuelTech addresses the sampling problem by locating the sampling probe where ammonia
emissions are likely to be highest. Therefore, the NOXcontrol system is less likely to emit excess
ammonia but more likely to over-control and waste reagent.

A better, more economical control system could be implemented if ammonia concentrations
could be measured in-situ using multiple optical paths. First, a line-of-sight NH3 measurement is
more representative of the total flow gas than an extracted sample would be. Since measurement
paths could be associated with specific injectors, multiple measurement paths would allow the
control system to decrease urea flow for a path showing high ammonia, and increase urea flow for
a path showing low ammonia. Therefore, an in-situ NH3 instrument could greatly enhance the
cost-effectiveness of retrofit SNCR systems.

SpectraScan@ is capable of in-situ operation. SDXalready sells a perimeter monitor that
measures ambient hydrogen fluoride and hydrogen sulfide leaks from process equipment for the
chemical processing industry. The optical path for the perimeter monitor is created by mounting
a series of mirrors and retro-reflectors around the area to be monitored. Sub-ppm levels of these ,
chemicals can be detected and measured.

The open path technology must be adapted from relatively clean and cool ambient weather
conditions to the high temperature, high velocity, dusty environment typical of flue gas ducts
from a coal-fired boiler. Special ports coupling the instrument transceiver and retro-reflector to
the duct wall must be designed to compensate for vibrations or other alignment problems. Using
air to cool and clean the optics will also be pursued in this project. What remains to be
determined is the ability of SpectraScan@to measure more than one gas within the same optical
path.

Multi-species SpectraScan@ for HITAF

In Phase 11 of the Combustion 2000 HIPPS Project, advanced SNCR technology will be
implemented in order to reduce NOX emissions from about 0.20 to 0.06 lb/MBtu. Monitoring
and controlling both temperature and gas species distributions entering the SNCR region will not
only allow the NOXemission goal to be met, but also minimize the consumption of the ammonia
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or urea NOX reducing reagent.’ SDXwill develop an in-situ, multi-species gas monitor for the
HIPPS SNCR control system and build a prototype instrument during Phase IL

Criteria for selecting the gas species to be measured by the prototype multi-species
instrument are listed below

1.

2.

3.

4.

5.

The measurement will benefit process control (HITAF, SNCR, SCR) for Combustion
2000.

Gases to be measured are present in many boiler or SNCR systems, and measurement is
desirable for process control.

There are no adequate substitute technologies for measuring these gas species
simultaneously.

The gases need to be measured upstream of the stack.

The gases can be measured concurrently along a single optical path.

Each cri~erion will be discussed below. Then candidate gas pairs will be nominated and
evaluated against the selection criteria. The gas pairs will then be rank ordered so that SDXmay
select the species to be monitored by the prototype instrument.

HITAFProcess Controi

Achieving NOX emissions below 0.06 lb/M13tu will require integrating at least three and
maybe four NOXcontrol technologies. In the combustion zone, air and fhel must be distributed
among the burners and reburners to simultaneously minimize NOX , CO, and unburned carbon
leaving the slagging section. Operation wiil be fi.uthe~ constrained by the need to achieve the
desired compressed air temperature within the radiant air heater as well as free-flowing slag
through the slag tap.

The SNCR NOX reduction performance will be dependent on the ability of operators to
control temperature and reagent distribution in the reaction zone. . The presence of carbon
monoxide (CO) in the flue.~~ can also be detrimental to urea-based SNC~ especially when NOX
emissions below 0.1 lb/MBtu are desired. In order to optimize the SNCR system operation, inlet
NOX , CO, and temperature distributions must be measured and controlled. Temperature
distribution can be controlled by varying the amount of momentum (axial vs. radial) of recycied
flue gas injected. Dual zoti flue gas injectors designed similar to either B&W or ABB staging
airports should suffice. Exhibit 2.6-2 showed the B&W ports containing a central axial jet with
directioml vanes, and an aimular swirled jet. Staging air can be bkised between axial to radial
zones. Response to c~ges in CO or NOX ‘distribution, however, must include burner
adjustments, staging airflow damper modulation, and/or reagent injection flow control. These
controllable parameters will also be trimmed to minimize NH3, NOX, and CO concentrations
downstream of the SNCR section.

In the event that SCR is required to reach NOXemission limits, the amount and distribution of
NOXand NH3 going into the reactor section (within the HRSG) must be measured and controlled.
This will require controlling FGR flow to minimize SNCR reagent combustion instead of
mkhizing outlet NO,. Reagent loss is minimized at iower SNCR zone temperatures (around
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1150 K). FGR flow will be constrained by convective air heater performance, thus requiring a
tie-in to the air temperature control subsystem. Also reagent flow to the SNCR section will be
controlled to maintain the SCR outlet NOX concentration below the emission limi~ while
n@imizing NH3 emissions.

Gases that must be monitored @d included in the control system boil down to: NOX, CO,
02, and NH3. Exhibit 2.6-3 summarizes the HITAF gas measurement requirements and the
location of each measurement.

Exhibit 2.6-3
Gases Whose Measurement Will Help Control HITAF

Combustion NOX, CO, 02 at combustion zone outlet
Control (same as SNCR zone inlet)

SNCR Control CO, NOXat inlet

NH3, NO., CO at outIet

Hybrid SCR NH3, NO. at inlet (same as SNCR outlet)
Control NH3, NO. at outlet

Corwentwnal Boiler/SNCR Systems

Note that all the gases listed in Exhibit 2.6-3 above except NH~ are monitored by the
continuous emission monitors required for existing coal-f~ed boilers. Ammonia monitoring is not
required for emission compliance in the United States, but ammonia instruments are being applied
to prevent NH3 slip from both SNCR and SCR retrofit installations, Therefore, NOX , CO, C02,
and NH3 meet the criterion of being present in conventional boiler systems.

All these gases are also usefid inputs to conventional combustion or emission process control
systems. Many utility boilers have 02 sensors mounted in the economizer outlet ducts. The 02
measurements are used to trim total airflow in order to minimize boiler heat rate. Many boilers
also empIoy CO monitors at the same location to assure that excess air is not lowered to the
point where unburned combustibles are emitted with the flue gas or fly ash.

NOX measurements have not been used directly for combustion control, but software
packages have been developed to characterize and optimize boiler and burner operation.
Predictive emission monitoring systems (PEMS) have been used to relate boiler operation to
NOXemissions measured during a comprehensive test pro~am. Once “calibrated”, these PEMs
give boiler operators the opportunity to minimize NO, by tighter control over operating
parameters that have the largest impact on NOXemissions.

New software products such as ULTRAMAX and GNOCIS go one step further. These
products can be used in either a control or advisory mode to simultaneously constrain NO.
emissions while operating at the lowest possible net plant heat rate. ULTRAMAX creates
statistical models relating controllable parameters to both NOXand heat rate. GNOCIS employs
adaptive neural network and fkzzy logic technology to create an adaptive model of boiler
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adaptive neural network and fuzzy logic technology to create an adaptive model of boiler
operation and NOX production. Both these software systems require fh.st and accurate
measurement of NOX,02, and CO.

Ammonia measurement is also required for process control. Nalco FuelTech is incorporating
an ammonia slip measurement into their newest SNCR installations. Ammonia slip
measurements in SCR installations are also being used by operators to tune the ammonia injection
grid for the desired NH3/N0 ratio. A robust continuous ammonia slip monitor could be
incorporated into SCR control systems. Another use for ammonia slip data is to monitor
catalyst activity to indicate the time interval for catalyst cleaning or replacement.

Recommendations

Whether SpectraScan@can monitor candidate gas species us~g a single optical path depends
on the wavelength location of absorption lines for each gas. This criterion is outside the scope of
the preliminary survey. Therefore, in the following sectio~ the candidate gas pairs will be ranked
according to the other criteri~ and subsequently SDXwill be responsible for choosing the gases to
be used for the prototype instrument based on their assessment of available lasers and
wavelengths.

Exhibit 2.6-4 shows the gas pairs that could be measured and used in a HITAF control
system. The preferred measurement location and how the measurement could be used for control
are ifiormation distilled from previous sections of the report for inclusion in this Exhibit.

Exhibit 2.6-4
Candidate Gas Pairs

Gas Pair Measurement Purr)ose.
Location

co-o~,co-co* Combustion zone outlet Burner/staging air control (CO relates
to air/fuel bias)

NH3-CO SNCR outlet Reagent flow trim
(downstream of “ FGR port control (urea systems only)
convective air heater)

NH3-NZ0 HRSG plenum Re~gent flow trim
FGR port control

NH3-S03 SCR outlet Sootblow convective air heater
Reagent flow trim
FGR port control

NO-CO SNCR inlet Simultaneous combustion - SNCR
control (feedback-feedforward)

NO-NH3 SNCR outlet Ideal SNCR optimization and control
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These six gas pairs were then rank-ordered according to the evaluation criteria in Exhibit 2.6-
5. NO-CO was judged most important for HITAF became the measurements were useful for
controlling both combustion and post-combustion NOX reduction. The other gas pairs were
ranked according to their usefulness for controlling combustion, SNC~ or hybrid SCR
separately.

Most conventional boiler systems do not utilize post-combustion NOX control (although
many will choose SNCR in response to seasonal NOX regulations expected to be imposed in
ozone non-attainment areas of the U.S.). Therefore, gas pairs that are important for combustion
optimization received the highest ranking for usefulness in conventional systems.

Upstream measurement is required for process control. The rankings in this column reflect
the thought that measurements fhrthest upstream allow more closely coupled process control.
Similarly, the competing technology criterion was ranked based on the point of measurement as
well as our belief that SpectraScan@ is the only accurate and reliable method of monitoring
ammonia in the range of Oto 10 ppm.

In summary, we recommend that SDXbuild a prototype multi-species in-situ instrument to
measure either NO + NH3 or NO + CO. If there is no convenient wavelength for NO
measurement, then NH3 + CO should be chosen.

Exhibit 2.6-5
Ranking the Gas Pairs

Gas Pair HITAF u
Usefulness

...

Usefi.dness in Upstreiun No Overall
Conventional Measurement Completing

Systems Required Technology

NO-CO 1 1 1 5 1

NO-NHg 2 3 2 1 1

co-o* 4 2 3 6, 4

NH3-C0 3 4 4 2 3

NH3-N*O 5 5 5,3 5

NH~-SO~ 6 6 6 4 6
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