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ABSTRACT 

The DOE sponsored integrated Dry NOJSO, Emissions Control System program (a 

Clean Coal Technology ill demonstration) is being conducted by Public Service 

Company of Colorado. The test site is Arapahoe Generating Station Unit 4, a 100 MWe 

down-fired utility boiler burning a low-sulfur western coal. The project goal is to 

demonstrate up to 70 percent reductions in NO, and SO, emission through the 

integration of: (1) down-fired low-NO, burners with overfire air; (2) Selective Non- 

Catalytic Reduction (SNCR) for additional NO, removal; and (3) dry sorbent injection 

and duct humidification for SO, removal. 

The installation of the burners and overfire air system resulted in a decrease in furnace 

exit gas temperature of approximately 200°F. The temperature decrease reduced the 

effectiveness of the SNCR system at low loads. This report documents the third phase 

of SNCR tests (corresponding to the seventh test phase of the overall program), where 

an additional injection location was installed to increase the low-load NO, removal 

performance. The new injectors consist of a pair of retractable in-furnace lances which 

were designed to provide a high degree of load following flexibility through on-line 

adjustments of the injection angle. The majority of the test program was conducted 

using retractable lances proved by NOELL (ARIL lances). Subsequently, an alternative 

lance design provided by Diamond Power Specialty Company was evaluated. 

Before installation of the lances, the existing wail-injection location was capable of 

providing only 11 percent NO, removal at 60 MWe (at an NH, slip limit of 10 ppm). With 

the new lances, NO, removals in excess of 35 percent are achievable at the same load 
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and NH, slip limit. At loads of 43 to 60 MWe, NO, removals with the lances range from 

37 to 52 percent. At loads greater than 60 MWe, the wall-injection location is more 

efficient, and at loads of 70 to 100 MWe, NO., removals range from 37 to 41 percent. 

The coal mill-in-service pattern was found to have a large effect on both NO, removal 

and NH, slip for injection at the new lance location. At 60 MWe, the NO, removal at the 

10 ppm NH, slip limit ranges from 26 to 52 percent depending on the mill-in-service 

pattern. Biasing the coal mills to provide uniform combustion conditions ahead of the 

injection location was found to be the best option for improving SNCR system 

performance under these conditions. 
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EXECUTIVE SUMMARY 

This test report summarizes the technical activities and results for one phase of a 

Department of Energy sponsored Clean Coal Technology Ill demonstration of the 

Integrated Dry NO&O, Emissions Control System for coal-fired boilers. The project is 

being conducted at Public Service Company of Colorado’s Arapahoe Generating 

Station Unit 4 located in Denver, Colorado. The project goal is to demonstrate up to 70 

percent reductions in NO, and SO, emissions through the integration of existing and 

emerging technologies including: (1) down-fired low-NO, burners with overfire air; (2) 

Selective Non-Catalytic Reduction (SNCR) for additional NO, removal; and (3) dry 

sorbent injection and duct humidification for SO, removal. 

Due to the number of technologies being integrated, the test program has been divided 

into the following test activities: 

Baseline tests with the original combustion system (completed) 
Baseline tests with the original combustion system and SNCR (completed) 
Low-NO, Burner (LNB)/Overfire Air (OFA) tests (completed) 
LNB/OFA/SNCR tests (completed) 
LNB/OFAfCaicium Injection tests (completed) 
LNB/OFA/Sodium Injection tests 
LNBIOFAISNCR Dry Sorbent Injection tests (integrated system) 
Air Toxics Characterization (completed) 

Testing performed after the low-NO, combustion system retrofit showed that in addition 

to reducing the NO, emissions significantly, the retrofit also reduced the temperature of 

the flue gas at the furnace exit by nominally 200°F. Since the SNCR process is very 

sensitive to changes in flue gas temperature, the effectiveness of the SNCR system at 

low loads was reduced. Recently, an additional SNCR injection location was installed 
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in order to increase the NO, removal performance at low loads. The new injectors 

consist of a pair of retractable in-furnace lances which were designed to provide a high 

degree of load following flexibility through on-line adjustments of the injection angle. 

The majority of the tests were completed using ARIL (Advanced Retractable jnjection 

Lances) lances provided by NOELL, Inc. Subsequently, a second lance design 

provided by Diamond Power Specialty Company (DPSC) was evaluated. This report 

presents the results of the SNCR tests with the retractable injection lances. 

The NOELL ARIL lance test program was conducted over the period of April 20 to 

December 21, 1995, and the DPSC lance tests were performed between August 16 

and August 26, 1996. Completion of these SNCR tests was delayed due to some 

minor start-up problems with the lance control system, some more serious concerns 

regarding lance bending due to thermal stress, a planned Arapahoe Unit 4 turbine 

outage, and a two-week test burn of a Powder River Basin Coal. In total, approximately 

eleven weeks of SNCR tests were completed. The majority of the testing consisted of 

parametric variations aimed at defining the optimum injections locations (the existing 

wall injectors or the new retractable lances), lance injection angle, and chemical 

injection rate as a function of boiler load. The effect of operating the SNCR system with 

various coal mill out-of-service patterns was also assessed over the load range. 

Ammonia slip is not currently regulated in Colorado. Lacking any regulatory 

requirements, it was assumed that a 10 ppm slip would be a reasonable target for the 

process. Figure S-l shows the NO removal achievable at this limit as a function of 

load. The figure includes data from both the wall injectors and the ARIL iances, and 

clearly shows that the addition of the lances has substantially improved the low-load 

performance of the SNCR system. Before installation of the lances, the wall (Level 1) 

injectors were capable of providing only 11 percent NO removal at 60 MWe (Smith, et 

al., 1994b). With the ARIL lances, however, NO removals in excess of 35 percent are 

achievable at the same load and NH, slip limit. 
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This results in a urea distribution along the lance that is not as uniform as with the ARIL 

lance. As a consequence, the NO, reduction performance is not quite as good. For 

instance, at 60 MWe and N/NO = 1, the ARIL lance can achieve 42 percent NO, 

removal with less than 5 ppm slip. The DPSC NO, removal was 36 percent with less 

than 5 ppm slip. The DPSC did successfully address some mechanical reliability issues 

and the lower NO, reduction could possibly be overcome by proper lance location and 

further optimization. 

Overall, the retractable and rotatable lances have significantly extended the low load 

performance of the SNCR system on Arapahoe 4. The test results of the DPSC lance 

were sufficiently positive that an additional lance has been ordered, and up to three 

additional weeks of testing is planned. These results will be included in the project final 

report. 
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INTRODUCTION 

Public Service Company of Colorado (PSCo) proposed the Integrated Dry NOJSO, 

Emissions Control System to the U.S. Department of Energy (DOE) as part of the third 

round of the Clean Coal Technology Program (CCT-III). The proposed system was the 

first demonstration of low-NO, burners, overfire air (OFA) ports, and urea-based 

selective non-catalytic reduction (SNCR) on a top-fired-utility-coal boiler. The 

integrated system also includes dry sorbent injection (DSI) using both sodium- and 

calcium-based reagents and flue gas humidification to control sulfur dioxide (SO,) 

emissions. Figure l-l shows a simplified schematic of the integrated system as 

implemented at PSCo’s Arapahoe Unit 4. 

The project’s overall goal is to achieve up to 70% reductions in the emissions of NO, 

and SO, through the integration of existing and emerging technologies, while 

minimizing capital expenditures and limiting waste production to dry solids that can be 

handled with conventional ash removal equipment. This innovative demonstration 

project is estimated to cost $27,411,000. It is funded by the DOE (50.0%), PSCo 

(43.7%), and the Electric Power Research Institute (6.3%). 

The DOE and PSCo signed the cooperative agreement for the Integrated Dry NOJSO, 

Emissions Control System in March 1991. Installation of the integrated system began 

in July 1991, and was completed in August 1992. The test program began in August 

1992, and all testing was scheduled for completion in late 1994. The addition of a new 

SNCR injection location has extended the test program through November 1997. 

Completion of the project is currently scheduled for June 1997. 

l-l FERCo-7043-R434 
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PSCo is the project manager for the project, and is responsible for all aspects of project 

performance. PSCo has engineered the DSI system and the modifications to the flyash 

system, provided the host site, trained the operators, provided selected site 

construction services, start-up services and maintenance, and is assisting in the testing 

program. 

EPRI provided technical assistance and advice on many of the technologies and also 

contributed to the project funding. B&W was responsible for engineering, procurement, 

fabrication, installation, and shop testing of the low-NO, burners, overfire air ports, 

humidification equipment, and associated controls. They are also assisting in the 

testing program, and will provide for commercialization of the technology. NOELL, Inc. 

was responsible for the engineering, procurement and fabrication of the SNCR system. 

Fossil Energy Research Corp. is conducting the testing program. Western Research 

Institute is characterizing the waste materials and recommending disposal options. 

Colorado School of Mines conducted bench scale research on the mechanism and 

chemical kinetics of NO, formation reaction with dry sorbent injection. Stone & Webster 

Engineering is assisting PSCo with the engineering efforts. Cyprus Coal and Amax 

Coal are supplying the coal for the project, while Coastal Chemical, Inc. is providing the 

urea for the SNCR system. 

The new SNCR injection location was installed in order to increase the NO, removal 

performance at low loads. The new injectors consist of a pair of retractable in-furnace 

lances which were designed to provide a high degree of load following flexibility through 

on-line adjustments of the injection angle. This report presents the results of the SNCR 

tests with the new in-furnace lances. Results from the SNCR test series with the 

original injection configuration are documented in the Integrated Dry NO&SO, 

Emissions Control System: Low-NO, Combustion System SNCR Test Report, (Smith, 

et al., 1994b). 
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BACKGROUND 

PSCo is conducting the project on Unit 4 at its Arapahoe Steam Electric Generating 

Station located in Denver, CO. Arapahoe Unit 4 is a top-fired unit rated at 100 MWe 

(megawatt-electric), which began operation in 1955. The boiler fires a low-sulfur (0.4%) 

Colorado bituminous coal as its main fuel source but also has 100% natural gas 

capability. PSCo uses Arapahoe Unit 4 as a load-following unit, with a normal capacity 

factor that ranges from 50 to 60%. 

In the original firing configuration, the coal was injected through 12 inter-tube burners 

located on the roof of the boiler as shown in Figure 2-l. The inter-tube burner consists 

of a splitter box that separates into 20 smaller nozzles that inject the coal and primary 

air mixture evenly across the furnace roof. Secondary air was injected beside each of 

the individual coal nozzles, resulting in a checkerboard pattern of coal/primary air and 

secondary air streams. This firing system had no provision to control the mixing rate of 

the fuel and secondary air, resulting in high uncontrolled NO, emissions (approximately 

1.10 Ib/MMBtu). 

The Integrated Dry NO&O, Emissions Control System uses low-NO, burners, OFA, 

and SNCR to reduce NO, emissions. The combustion modifications were expected to 

reduce NO, by 50%, and the SNCR system was expected to increase the total NO, 

reduction to 70%. The combustion modifications at Arapahoe Unit 4 consisted of 

replacing the intertube burners with Babcock & Wilcox (B&W) Dual Register Bumer- 

Axially Controlled Low-NO, (D&B-XCL@) burners, and installing three B&W Dual Zone 
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Figure 2-i. PSCo Arapahoe Unit 4 
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NO, ports on the east and west sides of the furnace approximately 20 feet below the 

boiler roof. The 12 new burners were placed in 4 rows of 3 burners as shown in Figure 

2-2. The boiler has a full division wall that separates the furnace into two approximately 

square sections. Each of the four Unit 4 attrition mills supplies primary air and coal to 

three of the burners. The coal piping allowed each mill to supply two burners in one 

furnace half and one in the other half. 

The SNCR process involves the injection of either urea or ammonia (anhydrous or 

aqueous) into the combustion products where the gas temperature is in the range of 

1600 to 2100°F. In this range, amidogen (NH,) is released from the injected chemical 

which then selectively reacts with NO in the presence of oxygen, forming primarily 

nitrogen (NJ and water (H,O). Urea and ammonia each have their own optimum 

temperature and range within which NO, reduction can occur. An example of such a 

temperature “window” is shown conceptually in Figure 2-3. At temperatures above the 

optimum, the injected chemical will react with oxygen (0,) forming additional NO,, 

thereby reducing the NO, removal efficiency. At temperatures below the optimum, the 

injected chemical does not react with NO, resulting in excessive emissions of ammonia 

(NH,), referred to as ammonia slip. Urea was selected as the base chemical for the 

system, because urea, unlike either aqueous or anhydrous ammonia, is not a toxic 

chemical, and thus on-site storage and handling concerns are minimized. It was also 

believed that the flue gas temperature in the available injection locations was too hot for 

efficient NO, reduction using NH,, and that urea would provide higher NO, reductions 

and chemical utilization. 

PSCo selected NOELL, Inc. to design and supply the urea-based SNCR system for the 

project. During the first phase of the SNCR testing (with the original combustion 

system), it was found that the NO., reductions at low load were less than expected. A 

short-term test using aqueous ammonia achieved greater NO, reduction than urea at 

low load. Although ammonia was more effective than urea at low load, it remained 

desirable to store urea on-site due to safety concerns. NOELL, Inc. subsequently 

designed and installed a system that allows on-line conversion of urea to ammonia 
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Figure’2-3. Conceptual Temperature Window for the SNCR Process 
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compounds. The performance of the conversion system was assessed during the 

second phase of SNCR testing (after the combustion system retrofit). A comparison of 

the NO, removals with urea and urea converted to ammonia compounds (“converted 

urea”) is presented in Figure 24(Smith, et al., 1994b). The results show that although 

the on-line conversion system improved the low load performance, the improvement 

was not as large as desired at the lowest load (60 MWe). Note that the difference 

between NO and NO, emissions was monitored on most tests during all three phases of 

SNCR testing, and the difference was found to be insignificant within the limits of 

detection. Thus, for the purposes of this report, NO and NO, emissions are used 

interchangeably. 

Recently, an additional SNCR injection location was installed to further increase low 

load performance. The new injection location makes use of a pair of unused 

sootblower openings in order to avoid the cost of installing new penetrations and the 

associated outage. Figure 2-5 shows the new location relative to the two existing 

injection locations on the rear (north) wall of the boiler. The new injectors consist of a 

pair of in-furnace lances which were designed to provide a high degree of load following 

flexibility through on-line adjustments of the injection angle. 
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3 

SNCR SYSTEM DESCRIPTION 

The NOELL, Inc. SNCR system is designed to achieve a high degree of mixing 

between the flue gas and the reducing reagent in short residence times. Before the 

detailed design of the SNCR system was completed, the basic temperature distribution 

and velocity flow patterns within the boiler were characterized through two separate 

efforts: 

1. on-site flue gas temperature measurements using acoustic pyrometry and High 
Velocity Thermocouple (HVT) measurements, and 

2. laboratory cold flow testing using a 1 :lO scale model of the Arapahoe Unit 4 
boiler. 

These two efforts were discussed in’detail in the report presenting the results of the first 

phase of the SNCR testing (Smith, et al., 1993). 

As a result of the temperature measurement and cold flow modeling efforts, two rows of 

ten wall-mounted injection nozzles were installed on the Arapahoe Unit 4 boiler; one at 

elevation 5302’6” and one at elevation 5306’3”. As shown in Figure 3-1, these two 

levels were placed immediately upstream and downstream of the second set of screen 

tubes. The injection angle for the lower level of nozzles (Level 1) is oriented 45” down 

from horizontal, and the angle of the upper level nozzles (Level 2) is 15” above 

horizontal. 

The purpose of two levels of injectors was to provide some means of temperature 

control for the urea injection system ove.r the load range. The upper nozzles were 
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expected to operate in the load range of 80 to 100 MWe. AS the load was further 

reduced and flue gas temperatures decreased, the lower level would be used. During 

the initial test program, it was found that over the entire load range, either the flue gas 

was too cold or the residence times too low for effective NO, reduction at the upper 

injection level. During injection at the upper level, NH, emissions were unacceptably 

high for all operating conditions. Therefore, the remainder of the tests, prior to installing 

the ARIL lances, were conducted using only the lower (Level 1) injectors. 

Tests performed after the low-NO, combustion system retrofit, showed that the 

effectiveness of the SNCR system at low loads was reduced. In addition to reducing 

the NO, emissions significantly, the retrofit also reduced the temperature of the flue gas 

at the furnace exit nominally 200°F (Figure 3-2). Since the SNCR process is very 

sensitive to changes in flue gas temperature, this reduction made the flue gas 

temperature too cold for efficient NO, removal even at the lower (higher temperature) 

Level 1 injection location. 

At the conclusion of the second phase of SNCR testing, NOELL, Inc. proposed the 

concept of inserting a pair of lances through two unused sootblower openings at the 

furnace exit. These lances would provide access to a region of more optimal flue gas 

temperature at low loads. At higher loads, the lances would be retracted from the 

boiler, and urea injection would shift to the Level 1 injectors. The lances would be air- 

cooled, and the cooling air would also provide the injection momentum necessary to 

rapidly mix the urea with the flue gas. Automatic control of the injection angle would 

allow access to the optimum injection temperature under load following operation. 

Finally, the liquid flow along the length of the lance could be segmented in order to 

allow for optimization under various coal mill out-of-service conditions. Proof-of- 

concept tests were performed with a short lance that treated only a portion of the flue 

gas on the west side of the boiler. The results of these tests (summarized in Appendix 

A) showed that the concept had merit, and NOELL, Inc. proceeded with the design and 

fabrication of the lances. 
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The system at Arapahoe Unit 4 uses one of two positive displacement pumps driven by 

AC variable speed drives. The variable speed drives allow the total liquid flow to be 

varied from 2.0 to 10.5 gpm. The ability to vary the total flow allows some control over 

the effective flue gas injection temperature. When flue gas temperature in the injection 

area is at or below the optimum temperature for effective NO, removal, low flows are 

desirable so that the flue gas temperature is not significantly reduced by the 

evaporation of excess water. When the flue gas temperatures are higher than the 

optimum, larger flows allow some gas temperature cooling by evaporating the water 

before the urea begins reacting with the NO,. 

The ammonia conversion system was added after the initial SNCR test phase. This 

system first heats the diluted urea solution and then passes the chemical over a 

proprietary catalyst that causes the urea to convert to ammonia-based compounds. The 

system can be bypassed so that either urea or ammonia compounds may be injected 

as selected by the control operator. The ammonia conversion system was not utilized 

during the current phase of testing with the ARIL lances. 

The SNCR system at Arapahoe Unit 4 uses NOELL, Inc.3 proprfetary dual-fluid 

injection nozzles to distribute the urea or ammonia compounds evenly into the boiler. A 

centrifugal compressor is used to supply a large volume (up to 9000 scfm) of medium 

pressure (4 to 12 psig) air to the injection nozzles to help atomize the solution and 

rapidly mix the chemical with the flue gas. The volume of air supplied is controlled by 

variable inlet guide vanes and a variable diffuser assembly, which automatically delivers 

a preset discharge pressure. Upon exiting the compressor, the air passes through a 

quench vessel which cools the hot compressed air by recirculating, spraying, and 

evaporating water. The quench skid has redundant pumps for water recirculation, and 

the water level within the quench vessel is maintained automatically by the control 

system. 

Purge air is used to keep the Level 1 injectors cool and free of ash build up when not in 

service. Purge air is also used to cool the lances after they have been retracted from 
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the furnace. The air is supplied by a purge air fan which draws ambient air through a 

filter and silencer. The air is fed through the air lines not in use, up to the air header on 

the level not injecting urea, and then through the nozzles. 

The urea injection system is controlled by a programmable logic controller (PLC). The 

PLC is operated using an IBM compatible computer through a man-machine software 

package, and controls all the functions of the system (equipment on/off, valves 

open/close, etc.), except for five local control systems in local control panels (LCPs): 

the two lances, the centrifugal compressor, the circulation heaters and the water 

softening skid. These LCPs control the equipment and receive the main commands 

and transmit the key information to and from the PLC. Some of the valves need 

manual pre-selection for redundant equipment, i.e., urea recirculation pump, quench 

pump, or filter inlet and outlet valves. 

From the local computer, the SNCR system can be either manually set, or operated 

under automatic control. Under automatic control operation, the urea flow rate is set by 

a feed forward control function using a boiler load signal. The system also utilizes 

feedback control to trim the urea flow rate by *30 percent. The feedback control loop 

uses a continuous stack NH, signal, although, it is also possible to use the stack NC, 

signal. 
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4 

MEASUREMENT METHODS 

The evaluation of the performance of the NOELL, Inc. ARIL lances required the 

documentation of gaseous emissions and NH, slip levels, as well as boiler operational 

performance parameters. This section summarizes the measurement methods that 

were utilized during this phase of the SNCR tests. The test methods were completed 

according to the “Environmental Monitoring Plan” dated February, 1992. The methods 

and equipment used for the test program are described in greater detail in the following 

subsections. 

4.1 Gas Analysis Instrumentation 

An Altech 180 continuous emission monitoring (CEM) system was purchased as part of 

the Integrated Dry NO&SO, Emissions Control System and installed during the low-NO, 

combustion system retrofit. The CEM system utilizes a Perkin Elmer MCS 100 infrared 

gas analyzer which is capable of continuously analyzing eight gas species 

simultaneously, using a combination of gas filter correlation and single beam dual 

wavelength techniques. 

The analyzer cycles through and measures all eight gas species in approximately 

22 seconds. In that time, two readings are made for each gas species to be measured. 

The first reading is a reference value at a known wavelength and gas concentration 

(either 0 or 100 percent), and the second is a measured reading to determine the 

quantity of the desired species in the sample stream. Table 4-1 provides a listing of the 

full scale range, measurement technique, and interfering species for each of the gases 

measured. 
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Table 4-1 

Gas Species Measured by Perkin Elmer MCS 100 Analyzer 

Measured 
Species Range 

Measurement 
Technique Interfering Species 

NO 
co 
so2 
NO, 
co* 
Hz0 
WJ 
NH, 

O-800 ppm 
O-500 ppm 
O-800 ppm 
O-100 ppm 

O-20 volume % 
O-15 volume % 

O-100 ppm 
O-50 ppm 

Gas Filter Correlation 40 
Gas Filter Correlation W 

Single Beam Dual Wavelength NH,, H,O 
Single Beam Dual Wavelength NH,, SO,. H,O 
Single Beam Dual Wavelength W 
Single Beam Dual Wavelength None 
Single Beam Dual Wavelength CO, CO,, H,O 

Gas Filter Correlation CO,, H,O 

Using the gas filter correlation technique, the system takes a reference reading at a 

known wavelength and a known concentration of gas, usually 100 percent. The system 

then takes another reading at the same wavelength for the sample gas and records the 

energy absorbed by the sample. The relative difference in energy is then representa- 

tive of the concentration in the sample gas. 

Likewise in the single beam dual wavelength method, a reference reading is taken at a 

wavelength where the desired species does not absorb energy (zero percent 

reference). The system then takes a measured reading at a wavelength where the 

desired species is known to absorb energy. The relative difference in energy is again 

representative of the concentration of the species in the sample stream. 

Once the ratio of reference to measure energy is calculated, the energy level is 

corrected to account for interferences via reference tables for each specific gas. After 

correction for interferences, the data is zero adjusted, converted to the appropriate 

units, calibration corrected, and output for display and recording. 

Since 0, is not infrared active, the CEM system also contains an Ametek 0, analyzer. 

The sample cell is a zirconium oxide closed end tube with electrodes of porous platinum 
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coated onto the inside and outside of the tube. The cell produces a millivolt signal 

proportional to the relative difference of 0, inside and outside of the cell. The millivolt 

signal is converted to percent O,, scaled (0 to 25 percent), and then displayed and 

recorded. 

All CEM analyzer and sampling system functions, including a daily automatic calibration 

sequence, are controlled by the MCS 100 PLC. The measured gas concentration data 

is displayed on a dedicated 486-based computer, which also provides data logging, 

manipulation and reporting functions. 

A Relative Accuracy Test Audit (RATA) was performed on March 5, 1993 in order to 

verify the accuracy of the CEM system. The audit was petfoned by TRC 

Environmental Corp. in accordance with the requirements established in 40 CFR, Part 

60, Appendices A and F. Complete documentation of the audit is contained in a 

separate report (TRC Environmental Corp., 1993), and the results are summarized in 

Table 4-2. 

Table 4-2 

CEM RATA Results 

Parameter Relative Accuracy (%) 

CO, (“70, wet) 2.64 
Moisture (%) 7.86 
0, (%, wet) 17.81 

NO kvn, wet) 1.53 
NO (Ib/MMBtu, wef) 5.93 

NO @pm, dry) 1.02 

’ Calculated on an 0, basis 
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Acceptance criteria for RATA evaluation of component instruments of the CEM is 20 

percent. Based upon the results, all individual parameters were found to be within the 

acceptance criteria. 

4.2 Gas Sampling System 

As shown in Table 4-1, the MCS 100 was configured to measure NH,. This capability 

imposes special requirements upon the design of the CEM sampling system. In order 

to maintain the integrity of the sample, the entire sampling system (probe, sample line, 

pump, flowmeter, and sample cell) must be maintained at 230°C (445°F). Due to these 

heat tracing requirements, the CEM system was configured to sample from only two 

different single-point locations. One at the exit of the air preheater in the duct leading to 

the fabric filter, and one downstream of the fabric filter and induced draft fans, in the 

duct leading to the common stack for Units 3 and 4. 

In order to obtain a representative composite gas sample, as well as provide the ability 

to look at discrete areas of the flue gas flow, Fossil Energy Research Corp. provided a 

sample gas conditioning system which would allow sampling from additional unheated 

sample probes. Although the MCS 100 is utilized as the gas analysis instrumentation, 

the measurement of NH, at the addit@nal sampling locations is not possible due to the 

lack of high temperature heat tracing. A schematic of the sample gas conditioning 

system is shown in Figure 4-1. The system can accommodate up to 24 individual 

sample lines. Up to 12 of these can be composited together and then analyzed. Each 

of the individual sample streams is dried in a refrigerated dryer where the gas is cooled 

and the moisture is dropped out in a trap. Each stream then passes through a metering 

valve and rotameter, after which all the streams are blended together in a manifold and 

directed to a pair of sample pumps. The rotameters are used to balance the individual 

flows in order to provide an accurate composite blend. Downstream of the pumps, a 

portion of the composited sample is diverted to a final pass through the condenser 

(where the increased pressure aids in the removal of any remaining moisture), through 

a final particulate filter, and then to the Altech CEM for analysis. 
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The location of the unheated sample probes during the current phase of testing was 

identical to that for the first two phases of SNCR tests, namely: 12 probes at the exit of 

the economizer, 6 probes at the exit of the air preheater, and one probe in the fabric 

filter outlet duct leading to the stack. The sample probe grid in the horizontal duct at the 

economizer exit is shown in Figure 4-2. Since this duct is 40 feet wide and only 7 feet 

deep, an array of probes positioned two high by six wide was deemed adequate to 

obtain a representative gas sample. The short probes were located at one-fourth of the 

duct depth, and the longer probes at three-fourths of the duct depth. This spacing 

vertically divided the duct into equal areas. The use of two probe depths also provided 

the opportunity to ascertain any vertical stratification of gas species within the duct. 

Individual sample probes consisted of stainless steel tubing with sintered metal filters 

on the ends. The sample lines which transported the gas to the sample conditioning 

system, consisted of polyethylene tubing which was heat traced and insulated to 

prevent freezing during the winter months. 

Figure 4-2 also shows the location of the four 0, probes at the economizer exit which 

are used for boiler trim control. The equipment uses in situ probes that determine the 

0, concentration on a wet basis. These probes (numbered A, B, C and D) are located 

approximately three feet upstream of the Fossil Energy Research Corp. (FERCo) grid, 

and very near probe numbers 3,5,7 and 9. The importance of the position of the 12- 

point grid relative to the four probes was realized during the baseline and retrofit burner 

tests when it was found that the average 0, measured from the grid was nominally 1 .O 

to 1.5% higher than the average indicated in the control room. This difference was 

attributed to the inability of the four PSCo probes to detect the elevated 0, levels along 

the east and west sides of the duct which result from both air in-leakage and overfire air 

that didn’t penetrate to the center of the furnace. 

Additional gas sample probes were installed at the air heater exit and the stack (fabric 

filter outlet duct) locations. Whereas, the 12-point economizer exit sampling grid was 

utilized for detailed point-by-point measurements, the air heater exit and stack sampling 

probes were only used to obtain general duct averages at these locations. Therefore, 
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only a limited number of probes were utilized at these test locations; six at the air heater 

exit and a single probe at the stack location. Figure 4-3 shows the location of the 

probes at the air heater exit. These sample probes and tubing were similar to the 

installation at the economizer exit. The staggered probes were installed at one-fourth 

and three-fourths duct depths, similar to the economizer exit. The figure also shows the 

location of the heated probe for the CEM system at the exit of the air heater. This 

probe is not in the same plane as the six-point grid, but approximately 3 feet upstream. 

At the stack sampling location, the heated probe for the CEM system is approximately 

20 feet upstream of the unheated probe installed during the baseline SNCR tests. Only 

a single probe is used for both the CEM and the unheated probe locations since both 

are downstream of the fabric filter and induced draft fans where little stratification of the 

flue gas stream is expected. Figure 4-4 shows the installation of the unheated probe in 

the fabric filter outlet duct. The air heater exit and stock sampling locations were used 

infrequently during the current phase of SNCR tests. Unless noted otherwise, all CEM 

gas analysis results presented in this report, are from the economizer exit sampling 

location. 

4.3 NH, Measurements 

The measurement of NH, emissions is an important aspect of quantifying the 

performance of a SNCR system. Traditionally, batch or wet chemical sampling 

techniques have been used for this purpose. However, the time delay between the 

collection of the sample and the delivery of the results, due to the required laboratory 

analysis, is less than optimal when trying to optimize process performance in a field test 

situation. Recently, a number of continuous ammonia analyzers have become 

available, which could provide the on-line performance desirable for a field test 

program. However, these analyzers are considered to be in a developmental and 

proving stage, due to difficulties in obtaining and preserving valid gas samples, 

especially in sulfur-laden environments. 
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Wet chemical NH, analysis was the primary measurement used during the current test 

program. While EPA has published a draft method for the wet chemical determination 

of ammonia from stationary sources (draft Method 206) the method is most appropriate 

for stack gas compliance testing (U.S. EPA, 1996). The method described below differs 

somewhat from the draft EPA Method 206, but has been used by Fossil Energy 

Research Corp. and others for numerous test and compliance programs. It has been 

accepted for compliance work by local air regulator districts in California and has been 

proven accurate. Flue gas samples are withdrawn from the duct through a stainless 

steel probe, and are then passed through three impingers as shown in Figure 4-5. The 

first two impingers contain 0.02N sulfurfc acid (H,SO,) and the final impinger is dry. 

Nominally two cubic feet of flue gas is passed through the impinger train during each 

test at a rate of approximately 0.2 ft3/min. Total sample times were nominally 10 to 12 

minutes for each test. At the conclusion of each test, the sample probe, Teflon line, 

and sampling train glassware are washed with dilute H,SO, into the bottle containing 

the impinger solution. The sample solution is then analyzed for ammonia. 

During the ARIL lance tests, the sample solutions were analyzed on-site using the 

Direct Nesslerization Method. In this method, the Nessler reagent and a stabilizing 

agent (EDTA) are added to the sample solution and mixed thoroughly. After the 

reaction is complete (a minimum of ten minutes is required), the light absorbance of the 

sample is determined photometrically at 425 nm. The reading is compared to the 

absorbance of standard solutions to determine the ammonia concentration in the 

sample. Using this method, an NH, emission value could be obtained in a manner of 

minutes after~the completion of a test. The rapid turnaround of NH, emission data was 

used to quickly diagnose and guide the test program durfng the optimization of the ARIL 

lance system. 

The wet chemical ammonia samples were obtained from a set of six ports located in the 

air heater exit duct (just upstream of the ports used for the continuous gas analysis 

samples shown in Figure 4-3). Generally, separate samples were not collected from 

each port during a single test. Rather, composite samples from groups of ports were 
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obtained, in order to accelerate the testing process. Usually, the three ports on the 

west side, and the three on the east side, were grouped together such that only two 

samples were collected per test. Occasionally, pairs of ports were grouped when more 

detail was needed, or all six were combined when time was limited. In every case, the 

samples from each port were obtained at a single point located at the center of the 

duct. 

During the previous phase of SNCR testing (Smith, et al., 1994b), point-by-point wet 

chemical measurements across the duct at the air heater exit location showed that the 

NH, profile was far from uniform. A comparison of the CEM NH, measurements at this 

location to single-point wet chemical measurements made through the port adjacent to 

the CEM probe (Port Number 4 in Figure 4-3) showed good agreement between the 

two methods. During the current phase of SNCR tests, the CEM was used frequently 

as a quick indication of trends in NH, slip at the air heater exit. However, it could never 

be used as an absolute measurement due to the stratification of the flue gas at this 

location. 

Wet chemical measurements made at the stack during the previous phase of tests also 

showed good agreement with the CEM NH, measurements at this location. Both 

methods also showed that the ash in the fabric filter provided a substantial capacity for 

the absorption and desorption of NH,. These tests showed that if the ash in the fabric 

filter was free of NH,, it would take up to three hours for NH, emissions measured at the 

exit of the fabric filter to equal that measured at the inlet. Neither CEM nor wet 

chemical NH, measurements were made at the stack during the current phase of tests 

due to the combination of this ‘time-lag effect” and the relatively short duration of the 

parametric optimization tests. CEM NH, measurements at the stack are more 

meaningful during long-term, load-following tests when the SNCR system is operating 

in the automatic control mode. 
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4.4 Multipoint Gas Analyser 

A key element of traditional boiler diagnostic testing and SNCR optimization entails 

detailed characterlzation of the NO,, O,, and CO profiles at the economizer exit. This 

sampling and analysis is performed on an individual probe-by-probe basis, or a 

composite of samples is obtained from several different probes. The main 

disadvantage of this approach is that it is time consuming, and furnace conditions may 

change during the course of a point-by-point test. 

To overcome this limitation, Fossil Energy Research Corp. developed an emission 

monitoring system capable of simultaneously monitoring the NO,, O,, and CO levels for 

up to twelve separate sample points in the economizer exit duct. This novel analyzer 

system allows the duct NO,, O,, and CO profiles to be characterized in a matter of 

minutes, as opposed to hours when using traditional duct emission traverse techniques. 

The monitor uses twelve separate fuel cell analyzers for each gas to obtain 

simultaneous readings. Highs and lows in the profiles are easily identified, and can be 

traced back to the furnace to analyze burner performance and 0, in-leakage. Burner 

adjustments can be made and immediately analyzed in an interactive mode. With 

SNCR systems, this multipoint system allows the degree of chemical mixing to be easily 

assessed and optimized. A photograph of the multipoint analyzer and an example of 

typical NO, and 0, profiles are shown in Figure 4-6. 

A software package has been developed to support the multipoint analyzer which 

permits the display of O,, CO, and NO, contour plots on one screen in a three color 

overlay. The NO, emissions are displayed on a corrected basis (i.e., corrected to 3% 

0,), which automatically accounts for dilution. This feature is helpful in distinguishing 

regions of the combustion system operating at high 0, levels from regions where there 

is furnace in-leakage. 

The multipoint analyzer was utilized for a brief period of time during the current phase of 

SNCR tests at Arapahoe Unit 4. During that time, the CO ceils were not used, as only 

NO, and 0, were required in the performance assessment of the ARIL lance system. 
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Figure 4-6. Photographs of the 12 Channel Multipoint NO,, O,, CO 
Emissions Analyzer 
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4.5 Furnace Exit Gas Temperature Measurements 

During the current test series, furnace exit gas temperature (FEGT) measurements 

were made in order to provide a comparison with those recorded during the post-retrofit 

SNCR tests. The temperature measurements were made using an acoustic pyrometer. 

An acoustic pyrometry system, manufactured by Combustion Developments Ltd. Of 

England, was utilized to provide a continuous assessment of the furnace exist gas 

temperatures. The acoustic pyrometer sends a sound pulse across the furnace; the 

transit time for the pulse is measured; thus, the mean speed of sound across the 

furnace is determined. The average temperature along the path can then be 

determined from the speed of the sound pulse. The acoustic temperature 

measurement technique requires a clear line of sight across the furnace at the 

measurement location. Since the boiler has a division wall running the length of the 

furnace, the first available location with acceptable access for the acoustic instrument 

was through a pair of ports just downstream of the first set of screen tubes (Location G 

in Figure 2-5). 
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RESULTS: NOELL ARIL LANCE TESTS 

The original test plan for the ARIL lance tests comprised approximately eight weeks of 

parametric testing, with another two weeks of continuous 24-hour load-following 

operation in the automatic control mode. After the resolution of some minor start-up 

difficulties, testing began on April 20, 1995. More serious concerns arose when the 

lances were seen to bend significantly when inserted into the boiler. It was 

hypothesized that the bending was due to thermal stresses, and testing was postponed 

on two occasions while the lances were modified in attempts to correct the problem. 

The postponements delayed the test program such that there was insufficient time to 

complete the parametric testing before Arapahoe Unit 4 was taken off-line for a major 

turbine outage on July 29. Testing resumed on October 25, but was again postponed 

form October 30 to November 14 in order to accommodate a planned test bum of a 

Powder River Basin coal. The parametric tests resumed after the Thanksgiving holiday 

on November 27, and were completed on December 16. The urea injection system 

was operated in the automatic control mode from December 16 through December 21 

in order to troubleshoot and fine tune the automatic control mode. The two weeks of 

24-hour load-following tests were postponed until March 1996, and the results of these 

tests will be presented in the report describing the results of the integrated system 

tests. 

The majority of the ARIL lance tests consisted of parametric variations aimed at 

defining the optimum injection location (Level 1, lances, or both), lance injection angle, 

and chemical injection rate as a function of boiler load. A limited number of tests were 

also run where detailed measurements were made to define the mixing and exactly 
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where the NO removal was occurring. The new multipoint gas analyzer described in 

Section 4 was used for these measurements. The results of the parametric and 

detailed test efforts are discussed separately in the following sub-sections. 

However, before the results are presented, it is worthwhile to discuss how the tests 

were actually conducted and, in particular, how the chemical injection rate and NO 

removal were defined. The relative chemical feedrate for a particular test is indicated 

by the N/NO molar ratio (i.e., the molar ratio of the amount of nitrogen injected as urea 

to the amount of NO in the untreated flue gas). Before each test, a target N/NO ratio 

was selected, and a baseline NO level measured at the economizer exit. From these 

two values, a chemical feedrate was calculated and the injection pump speed and urea 

control valve settings determined. At the conclusion of the test, the N/NO ratio was 

calculated from the average urea flow and baseline NO level. Since the urea flow may 

vary slightly over the duration of a test, and the baseline NO level may vary over the 

course of the day (baseline NO levels were not checked after each individual test, but 

periodically throughout each day), the calculated N/NO ratio was often slightly different 

than the target value. Throughout the text of this report, the target (or nominal) N/NO 

ratios will be utilized in the discussion of test conditions (i.e., a nominal N/NO ratio of 

1 .O will indicate a calculated N/NO ratio in the region of 0.9 to 1 .l). Appendix B 

contains a complete data summary which includes the actual calculated N/NO ratio for 

all tests. 

From the preceding discussion, it is apparent that the N/NO ratio for each test was 

based on the boiler NO emission level existing after the low-NO, combustion system 

retrofit. The amount of NO removal for each test was also calculated relative to this 

post-retrofit baseline. Although an individual test may result in a calculated NO removal 

of 40%, it must be realized that this is in addition to the 63 to 69% achieved with the 

low-NO, combustion system. For this example, the overall NO removal due to the 

cumulative effect of the low-NO, combustion system and SNCR would be approximately 

80%. 
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5.1 Parametric Tests 

During the previous (post-retrofit) SNCR test phase (Smith, et al., 1994b), tests were 

run at loads of 60, 60, 100 and 111 MWe. Installation of the lances allowed the range 

of effective SNCR NO, removal to be extended down to the minimum operating load for 

Arapahoe Unit 4. During the current test phase, tests were run at 43, 50, 60, 70, 60, 90 

and 100 MWe. The “mid-range” 70 and 90 MWe tests were run to aid in defining the 

load at which the injection location would transition from the ARIL lances to the Level 1 

location on the back wall of the boiler. Since the primary goal of installing the ARIL 

lance system was to improve the SNCR NO, removals at low boiler loads, no tests were 

run at the high load condition of 111 MWe during the current test phase. The results of 

the parametric tests will be presented as a function of load, with the low load results 

being discussed first. 

A. 43 M We Results 

Arapahoe Unit 4 is taken off-line only to address maintenance or repair issues. If the 

unit is not needed for system regulation, it is “parked” at minimum load (approximately 

43 MWe). At this condition, only two coal mills are in operation, and a single boiler feed 

pump and condensate pump are in service. This condition was not tested during the 

pre- and post-retrofit test phases, as the results indicated that the flue gas temperatures 

at the Level 1 injection location were already too low for efficient NO, removal at 60 

MWe. The addition of the lances to a higher temperature region of the boiler provided 

the opportunity to extend the operating range of the SNCR system to the minimum load 

condition. 

Prior to the low-NO, combustion system retrofit, minimum load for Arapahoe Unit 4 was 

approximately 43 MWe. As mentioned in Section 3.0, the retrofit resulted in a 

substantial decrease in furnace exit gas temperature. This temperature reduction not 

only affected the performance of the SNCR system at low loads, but also impacted the 

ability to maintain steam temperature at loads below 50 MWe. When load is reduced to 

43 MWe, the steam temperature drops to 40 to 60°F below the control setpoint of 

lOOO”F, even with the excess 0, bias control at maximum. The Unit 4 minimum 
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operating load was unchanged until the turbine outage in July 1995. When the unit 

came back on-line in October, the minimum operating load was increased to 50 MWe to 

reduce the chance of condensed water drops entering the low pressure turbine. 

The 43 MWe tests reported in this sub-section were completed before the turbine 

outage, over a period of two days with a different coal mill in service pattern run on 

each day. On the first day, mills A and D were out of service (OOS), and on the 

second, A and B were 00s. (Refer to Figure 2-2 for a description of the mill/burner 

arrangement.) All tests were run with a total liquid flowrate of 4 gpm and an atomizing 

air pressure of 10 psig. During the ARIL lance shakedown tests, it was found that at 

total liquid flowrates of less than 4 gpm (i.e., 1 gpm per injection quadrant) the velocities 

in the liquid lines were too low to prevent “flashing” the water component into steam 

before reaching the individual nozzles. This process left crystalline urea deposits in the 

lines which would quickly plug the liquid orifices. Consequently, all subsequent testing 

was conducted with total liquid flowrates of 4 gpm or greater. 

The centrifugal compressor which provides the atomizing air is controlled by setting a 

discharge pressure on the SNCR system PLC. Although any setpoint from 3 to 12 psig 

may be entered, there are minimum and maximum limits on the air flow which can be 

provided by the compressor. These limits are imposed by the configuration of the 

compressor diffuser assembly and inlet guide vanes. With air flow to the lances only, 

the minimum flowrate condition corresponds to a pressure of 10 psig. The minimum air 

and total liquid flowrates were used during the 43 MWe tests to minimize jocal cooling 

of the flue gas. 

The effect of lance injection angle on NO removal and NH, slip at injection rates 

corresponding to a nominal N/NO ratio of 1 .O is shown in Figure 5-l. The injection 

angle is defined as shown in Figure 2-5, namely, 0” is down, 90” is horizontal toward 

the front wall of the furnace, and 180” is up. The injection angle is limited to the range 

of 22” to 135” by limit switches on each lance. The lower limit prevents the injection 

jets from impinging on the screen tubes located directly below the lances. 
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(Recall Figure 2-5.) Rotation in the upward direction is limited by the thermocouple and 

liquid line connections on the side of each lance. 

The trends in NO removal and NH, slip shown in Figure 5-l confirm that various,flue 

gas temperature regimes are accessed by rotating the lances. The NH, slip shows a 

strong dependance on injection angle (i.e., flue gas temperature), while the NO 

removals are more modestly dependent on injection angle. This behavior is believed to 

be due to operating the boiler without all four coal mills in service. If all four mills are in 

service, the temperature profile at a particular elevation in the furnace would be fairly 

uniform. With one or two mills OOS, there will be relatively hot and relatively cool 

regions across the furnace at the same elevation. Thus, for a given injection angle, 

there will be regions of relatively high and relatively low NO removal. As the lance 

angle is changed, increased for example, the hot regions may become too hot and the 

NO removals decrease, while the NO removals in the cooler regions may increase. 

This “averaging” will tend to smooth-out the effect of injection angle on the overall NO 

removal. The overall NH, slip, on the other hand, will be driven by the low temperature 

regions. Thus, if the relatively cool regions were eliminated, the NH, slip at a particular 

injection angle would be reduced, and the entire NH, slip curve shown in Figure 5-l 

would shift to the left. One approach to compensate for this effect would be to control 

each lance angle separately based on the mills in service. This concept was tested at a 

load of 70 MWe and the results discussed in a later part of this section. 

Based on the results of the parametric angle variation tests (Figure 5-l), 90” was 

chosen as the optimum injection angle for operation at 43 MWe. At this angle, NO 

removals in the range of 37% were achievable with an NH, slip of less than 10 ppm. 

Figure 5-2 shows the effect of N/NO ratio on NO removal and NH, slip with the lances 

set at an angle of 90”. In this figure, the data at N/NO = 1 .O indicate that the NO 

removals and NH, slips are relatively insensitive to the coal mill 00s pattern. These 

results are based on composite or average measurements at the economizer exit duct. 

There was not adequate time for point-by-point measurements during the two days of 
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43 MWe testing, so the effect of mill 00s pattern on the local NO removals and NH, 

slips was not assessed. 

8. 50 MWe Results 

The 50 MWe testing reported in this subsection was completed after the turbine outage 

in order to establish the performance of the ARIL lance system at the “new” minimum 

load condition. Normally, operation at 50 MWe is similar to that at 43 MWe, with only 

two coal mills in service, with a single boiler feed pump and condensate pump. 

However, during the two consecutive days when the 50 MWe tests were run, C mill was 

00s due to a vibration problem, and both B and D mills could be loaded only tightly as 

a result of problems in each mill’s hammer section. Due to the feedrate limitations on B 

and D mills, it was necessary to run the 50 MWe tests with three mills in service rather 

than two. All of the 50 MWe tests were run with a total liquid flowrate of 4 gpm and at 

an atomizing pressure of 10 psig. 

The effect of lance injection angle on NO removal and NH, slip for a nominal N/NO ratio 

of 1 .O is shown in Figure 5-3. In general, the trends are similar to those shown in 

Figure 5-1, where an increase in the injection angle results in a decrease in both NO 

removal and NH, slip. However, as a result of the increased average flue gas 

temperature, injection angle has a much greater effect on NO removal, and a much 

smaller effect on NH, slip. As the angle increases from 22”, the chemical is injected 

further away from the relatively cool zone above the screen tubes, and the NO removal 

decreases from over 45% down to 20% at an angle of 135”. The NH, slip levels shown 

in Figure 5-3 are less than 5 ppm, indicating that for all injection angles, the average 

flue gas temperature in the injection zone was hotter than that for the 43 MWe tests. 

The results of the first day of testing at 50 MWe showed that a 22” injection angle 

yielded the best overall SNCR performance, so on the following day, a N/NO ratio curve 

was run at this angle. Although the NO removal at a nominal N/NO ratio of 1 .O was 

similar to that from the previous day, the NH, slip on the second day was 11 ppm (over 
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twice that from the previous day), Another N/NO ratio curve was run at an angle of 45” 

to assess if the slip could be reduced without adversely affecting the NO removal. This 

indeed was the case, and both of these sets of data are shown in Figure 5-4. At an 

NH, slip limit of 10 ppm, injection at 22” yielded 42% NO removal, while removals in 

excess of 50% were achieved at an angle of 45”. 

In contrast to Figure 5-3, Figure 5-4 shows that injection angle had little effect on NO 

removal, and more of an effect on NH, slip. As these trends are similar to those seen at 

43 MWe (Figure 5-l) the results indicate that the average injection-zone flue gas 

temperature were lower on the second day of 50 MWe tests than on the first. This 

hypothesis is supported by comparing the boiler O,, steam temperature and 

attemperator valve data from the two days. On the first day, the attemperator valves 

were open and the steam temperature averaged 996°F. Although the average 0, was 

only 0.25% (absolute) lower on the second day, the attemperator valves were closed 

and the average steam temperature fell to 963”F, indicating lower flue gas 

temperatures. 

A second factor which may have also affected the results on each day was the 

operation of the coal mills. Although C mill was 00s on both days, the biasing of coal 

among the three mills in service was different on each day. On the first day, A mill was 

run with a bias of +5% to move some coal away from B and D mills, as B and D were 

having problems handling the coal feed rates. In addition, the west feeder on B mill 

was biased -10% (the west side of the mill was the problem side), and the west feeder 

on D mill was biased +12% (here, the east side was the problem). This bias pattern 

allowed B and D mills to run throughout the day without plugging or tripping off-line. On 

the second day, these mill and feeder biases were not sufficient to avoid mill problems, 

and it was necessary to also bias B mill -10% and D mill -15%. It is likely that the large 

change in mill bias on the second day resulted in a significant change in the flue gas 

temperature profile at the injection location, which in turn affected the SNCR results. 
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C. 60 MWe Results 

For Arapahoe Unit 4, 60 MWe is the upper limit for operation with only two coal mills in 

service. In fact, when running at this load with only two mills, the coal feeders are 

running at nearly 100% capacity. Consequently, any small upset in coal feed, coal 

quality or pulverizer performance can result in a boiler upset. For these reasons, most 

control operators prefer to run 60 MWe with three mills in service, and only go to two 

mill operation at loads below 55 to 56 MWe. However, with dry coal and two good 

pulverizers, 60 MWe can be achieved with two mills. During the ARIL lance 

optimization, tests were run at 60 MWe with both two and three mill-in-service 

conditions. All of the two-mill tests were run before the turbine outage during April and 

May of 1995, and the majority of the three-mill tests were run after the outage during 

the October to December time period. 

The effect of lance injection angle on NO removal and NH, slip with two mills in service 

is shown in Figure 5-5. All of the two-mill tests were run with a total liquid flowrate of 

4 gpm and at an atomizing air pressure of 12 psig. Both sets of two-mill tests were run 

early in the test phase, with the maximum amount of atomizing air pressure. It was 

later determined that for injection with the lances only, the difference in the minimum 

and maximum air pressures (10 and 12 psig, respectively) was insignificant with respect 

to both NO removal and NH, slip. The shape of the NO removal and NH, slip curves 

(i.e., monotonically decreasing NO removal and NH, slip with increasing angle) indicate 

that at 60 MWe, the flue gas regimes accessible by rotating the lances are on the high 

side of the optimal temperature window (recall Figure 2-3). Again, this is the most 

desirable area in which to operate a SNCR system, because although chemical 

utilization decreases at the higher temperatures, NH, slip is much less sensitive to 

changes in chemical flowrate or flue gas temperature. 

In Figure 5-5, the limited data at N/NO = 2.2 show, as expected, that higher chemical 

flowrates result in increased NO removals and NH, slips for a fixed angle of injection. 

The data for an injection angle of 34.” is replotted as a function of N/NO ratio in Figure 

5-6. Included in Figure 5-6 is the data from the only test run with Level 1 injection at 
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60 MWe and two mills in service (A and D mills 00s). These results are from the post- 

retrofit tests (Smith, et al., 1994b). The Level 1 tests were run with a total liquid flowrate 

of 2 gpm and an atomizing air pressure of 8 psig. Although the Level 1 NO removal 

appears to be slightly better than that for the lances, the two results are comparable 

considering normal variation due to slight variations in boiler operating conditions. The 

NH, slip, on the other hand, is much higher for the Level 1 case (25 vs. 3 ppm). This is 

not surprising as the Level 1 injection location is in a lower temperature region of the 

boiler. 

The majority of tests at 60 MWe were run with three mills in service, as this is the most 

common mode of operation for Arapahoe Unit 4 at this load. Only a few three-mill tests 

were completed before the turbine outage, and all of these were conducted with an 

injection angle of 34” and A mill 00s. Figure 5-7 shows the effect of N/NO ratio on NO 

removal and NH, slip for total liquid flowrates of 4 and 6 gpm. As the solution flowrate 

is increased, the NO removals decrease and NH, slip increases, indicating that the 

average flue gas temperature in the area in which the chemical is reacting is on the low 

temperature side of the o’ptimal range. This trend seems to be inconsistent with that 

shown previously in Figure 5-5, where the angle variations with two mills in service 

suggested that the lances were operating on the high side of the SNCR temperature 

window. However, since the temperature profile in the furnace with three mills in 

service is likely different than that for two mill operation, the trends with temperature 

would not be expected to be identical. At an NH, slip limit of 10 ppm, NO removals of 

35 and 21% can be achieved at 4 and 6 gpm, respectively. A total liquid flowrate of 

4 gpm is clearly the better operating condition. 

The 60 MWe tests with three mills in service continued when the boiler came back on- 

line after the turbine outage, and the first tests were run with B mill 00s. All of the 60 

MWe tests after the outage were run with a total liquid flow of 4 gpm and an atomizing 

air pressure of 10 psig. Figure 5-8 shows NO removal and NH, slip as a function of 

N/NO ratio for injection angles of 22’ and 34”; the results show that both NO removal 

and NH, slip are higher with the lances at 22”. However, the increase in NO removal is 
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larger than that for NH, slip. Therefore, 22’ is the better operating condition, as NO 

removals of nearly 55% can be achieved at the NH, slip limit of 10 ppm. 

The results in Figures 5-7 and 5-8 show that for an injection angle of 34” with 4 gpm 

total liquid flow, the NO removals with A and B mills 00s are similar at N/NO=2.3 

(about 41%) but the NH, slips are much lower with B mill 00s (4 vs. 22 ppm). It was 

hypothesized that the difference in NH, slip levels was due to localized variations in the 

flue gas temperature profiles resulting from the two different mill-in-service patterns. 

However, as the two sets of data were collected nearly five months apart, it was also 

possible that the effect may have been due to some other difference in boiler operation 

or condition. Figure 5-9 compares the results of tests run both before and after the 

turbine outage with A mill 00s and an injection angle of 34’. Although there is some 

scatter in the latter set of data (10/28/95), the NO removal and NH, slip results are in 

reasonable agreement. Therefore, the variation in NH, slip seen in Figure 5-7 and 5-8 

is not likely a result of a change in boiler operation or condition between 5/31 and 

10128, but rather due to the difference in the mill-in-service pattern. 

The ARIL parametric tests were suspended briefly in November to accommodate a two 

week test burn of a sub-bituminous Powder River Basin (PRB) coal. The ash 

characteristics of this coal resulted in decreased heat absorption in the radiant furnace 

and, thus, higher furnace exit gas temperatures during the test bum. Following the 

PRB test bum, and prior to resuming the parametric tests, the unit was operated on the 

baseline coal until the furnace exit gas temperature returned to normal. At this time, the 

effect of mill-in-service pattern at 60 MWe was investigated in more detail. A N/NO 

curve was run with each three mill-in-service condition over a period of four consecutive 

days. The results (Figure 5-10) show that mill-in-service pattern has a large effect on 

both NO removal and NH, slip. The NO removal at~the NH, slip limit of 10 ppm ranges 

from 28 to 52%, depending on which mill is 00s. Table 5-l shows the N/NO ratio and 

NO removal at the 10 ppm slip limit for each mill 00s condition. The average N/NO 

ratio and NO removal were 1.6 and 37%, respectively. The average N/NO ratio was 
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used as the initial set point for automatic control at 60 MWe. Although this flow rate will 

result in an NH, slip in excess of the 10 ppm limit when A mill is OOS, the automatic 

trim control will reduce the chemical flow until the NH, slip is below the limit. 

Table 5-1 

N/NO Ratio and NO Removal at 10 ppm NH, Slip for 
Three Mill Operation at 60 MWe 

Mill N/NO 
00s Ratio 

NO Removal 
(%) 

A 1.05 28 
B 1.45 52 
C 1.85 37 
D 2.05 32 

Average 1.60 37 

Composite flue gas measurements on the east and west sides of the economizer exit 

duct showed that in some cases, three mill operation at 60 MWe resulted in a large 

difference in the NO removals on each side of the boiler. In many cases, the east and 

west NH, slip levels were also very different. Figure 5-11 shows the baseline 0, and 

NO measurements (east and west) for the N/NO = 2.0 tests shown previously in Figure 

5-10. Also shown are the furnace exit gas temperatures measured for each test, as 

well as simplified plan views of the furnace indicating which burners were 00s. With 

either A or C mill OOS, two burners on the west side are not firing and only one on the 

east side is 00s. Therefore, there~ is a “net” shift in coal flow from the west to the east 

side of the furnace. As expected, both cases result in higher 0, levels on the west side 

of the boiler. Conversely, with either B or D mill 00s the coal flow is shifted from east 

to west. However, with B mill 00s there was no difference between the east and west 

0, levels. With D mill OOS, there is an 0, bias to the east, but the magnitude of the 

bias is less than one-half that measured with A mill 00s (1.4 vs. 3.2%). The 0, results 
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indicate that there was an underlying maldistribution of fuel and/or air at the burner level 

during these tests. The tests were conducted near the end of the test program when 

both B and D mills were running poorly, and it is hypothesized that feedrate problems 

with these two mills may have resulted in a coal bias toward the east side of the 

furnace. Visual observations through view ports at the furnace exit seemed to confirm 

this, as for nearly every one of these tests, the east side of the furnace appeared to be 

much hotter than the west irrespective of the mill-in-service pattern. 

Figure 5-l 1 also shows, as expected, that the baseline NO levels are highest in the 

areas of high 0,. Even with these sometimes large differences in fuel and 0, levels 

east-to-west, the acoustic temperature measurements show that mill-in-service pattern 

had a relatively small effect (a maximum of 50°F) on the average temperature at the 

furnace exit. However, it must be noted that the acoustic measurement is a line-of-sight 

average, and thus does not provide any insight into how the actual temperature profile 

changes. 

Figure 5-12 shows the east and west NO removal measurements, NH, slip levels, and 

lance metal temperatures for the four tests discussed above. Although the lance 

thermocouples do not provide a direct measurement of flue gas temperature, they do 

provide an indication of the trends on either side of the furnace, as well as the 

temperature difference between the two sides. The metal temperature indicate that the 

flue gas temperatures on the east side of the furnace are highest in each mill 00s 

configuration, and the NH, slip measurements confirm this observation. The simplified 

plan views at the bottom of the figure show that as the page is traversed from left to 

right (from A mill 00s to D mill OOS), coal is moved from the east side of the furnace 

to the west (i.e., with A or C mill OOS, there are more burners firing on the east side of 

the unit, and with B or D mill OOS, the opposite is true). As this occurs, the difference 

between the east and west NO removals decrease. The difference in the lance metal 

temperatures decrease, and the average NH, slip level generally decreases. 
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All of the tests shown in Figure 5-10 were conducted without any bias in the coal mill 

controls, A series of tests was run to investigate the possibility of increasing SNCR 

performance with A mill 00s by biasing the three mills remaining in service. The mills 

were biased by the control operator, with the goal of making the 0, distribution shown 

by the four PSCo probes (recall Figure 4-2) as uniform as possible. This was 

accomplished by biasing the coal to the west side of the furnace. Table 5-2 shows the 

bias settings used during these tests. A three-point N/NO curve was run with these 

biased mill settings, and at the end of the third test (N/NO=1.5), the mill biases were 

reset to zero and a fourth “no bias” test run at N/NO=1 5). Figure 5-13 shows the 

results of these tests, along with the A mill 00s curves from Figure 5-10 (no mill bias, 

12/l/95), for comparison. The “no bias” results from the two separate days are in good 

agreement. The data from the second day show that when the bias was removed at 

N/NO=1 5, the NO removal decreased from 45 to 35%, and the NH, slip increased by 

over 15 ppm. 

Table 5-2 

Mill Bias Settings for 60 MWe Lance Injection 

Mill Mill Master Bias West Feeder Bias 

Figure 5-14 shows the east and west 0, levels, NO removals, NH, slip emissions, and 

lance temperatures for the two back-to-back tests at N/NO = 1.5. These results 

indicate that the mill bias pattern in Table 5-2 reduced, but did not eliminate, the east- 

to-west imbalance with A mill 00s. Unfortunately, there was not sufficient time during 

the current test phase to rerun this test with higher levels of bias, or with other mill-in- 

service patterns. However, this single test does show that it is possible to increase the 
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SNCR system performance by providing more uniform combustion conditions across 

the width of the furnace. 

Previous Level 1 testing with three mills in service (Smith, et al., 1994b) showed that 

the particular mill 00s had little effect on NO removal and only a slight effect on NH, 

slip. However, the lance results from the current phase of testing (Figure 5-10) show 

that mill-in-service pattern has a large effect on both NO removal and NH, slip. This 

difference in behavior is attributed to the location of each set of injectors. The Level 1 

injectors are located on the back wall of the boiler, downstream of the first set of screen 

tubes. Although, the screen tubes are not as tightly packed as a superheater or 

reheater tube section, they will tend to smooth out the flue gas temperature profile, and 

to a lesser extent the velocity profile, at the Level 1 injection location. On the other 

hand, the lances are located at the furnace exit ahead of the screen tubes. At this 

location, there is no smoothing or moderation of the temperature profile, and the 

performance of the SNCR system will be more sensitive to the low temperature zones 

resulting from the various mill-in-service patterns. 

Level 1 injection tests at 60 MWe were not completed during the current test phase, so 

any lance/Level 1 comparisons are based on the Level 1 results from the previous 

SNCR test phase (Smith, et al., 1994b). A comparison of the lance and Level 1 

performance for three-mill operation with D mill 00s is shown in Figure 5-l 5. 

Although the lances require a higher chemical injection rate to achieve a given level of 

NO removal, this disadvantage is far outweighed by the reduction in NH, slip levels. At 

an NH, slip limit of 10 ppm, the NO removal is only 10% for injection at Level 1. The 

NO removal with the lances is 32% at the same NH, slip limit. 

0. 70 MWe Results 

As mentioned earlier, although there were no tests run at 70 MWe during either of the 

two previous SNCR test phases, 70 MWe tests were run during the current phase in 

order to help locate the optimal transition point between the two injection locations. All 

70 MWe tests were run with three mills in service, and both Level 1 and lance injection 
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configurations were tested. Unfortunately, it was not possible to run the two injection 

configurations with the same mill in service pattern. Figure 5-16 compares the results 

for lance injection at 22” with C mill 00s to the results for Level 1 injection with B mill 

00s. The lance tests were run with a total liquid flow of 4 gpm and an atomizing air 

flow of 10 psig, while the Level 1 tests were run at 2 gpm and 8 psig, respectively. 

If the results in Figure 5-16 are viewed strictly from the perspective of the maximum 

level of NO removal attainable at an NH, slip limit of 10 ppm, the lances would appear 

to be the better choice. At Level 1 the NO removal is 38%, while 44% removal is 

possible with the lances. However, the chemical flowrate required by the lances to 

achieve this level of NO removal is over four times the flow required by the Level 1 

injectors (N/NO = 2.6 vs. N/NO = 0.6). At this load, although the NO removal/NH, slip 

performance of the lances is better, Level 1 injection is by far the most economical of 

the two locations. 

The results shown in Figure 5-16 indicate that the average flue gas temperature at the 

lance injection location is well on the high side of the optimal window, as there is very 

little NH, slip even at high rates of chemical injection. However, since one mill is 00s 

at 70 MWe, it is likely that one side of the furnace will be cooler than the other. A series 

of tests were run to see if the performance of the system could be increased by running 

the two lances at different injection angles. 

A parametric~variation of injection angle was run at 72 MWe with A mill 00s. The 

effect of injection angle on NO removal and NH, slip is shown in Figures 5-17a and 

5-17b, respectively. The four tests shown were run consecutively in a single day, at a 

nominal N/NO ratio of 0.9, with a total liquid flow of 6 gpm and an atomizing air 

pressure of 10 psig. With A mill OOS, three of the 12 burners are not firing -- two on 

the west side of the boiler, and one on the east side (recall Figure 2-2). It would, 

therefore, be reasonable to expect that the flue gas temperatures on the west side 
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would be cooler than ori the east. The results in Figure 517b confirm that this is true, 

as the NH, slip is highest on the west side irrespective of the injection angle. 

The results in Figure 5-17a show that as the injection angle is increased, NO removals 

on both sides of the boiler decrease, indicating that the removals are occurring on the 

high side of the optimal temperature window. Although on both sides, the maximum 

NO removals occurred at an injection angle of 22”, the angle on the west side was 

increased to 45” in order to minimize the overall NH, slip. Compared to the 22”/22” 

case, this adjustment resulted in a 50% reduction in the NH, slip (from nominally 18 to 

9 ppm), with only a small decrease in NO removal (from 34 to 29%). 

The results in Figure 5-17b show that even with an injection angle of 45”, the NH, slip 

on the west side of the boiler was still over twice as high as that on the east side. It 

was believed that the majority of the NH, slip on the west side was formed in the region 

near the outside wall where two burners (Numbers 1 and 2) were 00s. In an attempt 

to further reduce the overall NH, slip, a series of tests was run where the chemical flow 

was biased away fmm the area adjacent to the west wall of the boiler. Three tests were 

run, each at a nominal N/NO ratio of 2.0. In the first test, the liquid flow to all four lance 

quadrants was equal. In the second test, the flow to the quadrant adjacent to the west 

wall was reduced by 50%, and in the third test, the flow to the west quadrant was shut 

off completely. The total liquid flow to both lances was maintained at 6 gpm during all 

three tests. Thus, as the flow to the west quadrant was progressively reduced, the flow 

to the other three increased accordingly. Atomizing air flow to each quadrant was 

unchanged during these tests. 

The NO removal and NH, slip results for the flow biasing tests are shown in Figures 

5-18a and 5-18b, respectively. Reducing the flow to the west quadrant by 50% 

markedly decreased the NH, slip in that region, resulting in a decrease in the overall 

NH, slip from nominally 14 to 4 ppm. Biasing of the chemical to the higher temperature 

regions of the boiler resulted in a reduction of overall NO removal from approximately 

34 to 29%. Further reductions in both NH, slip and NO removal were seen when the 
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flow to the west quadrant was completely shut off. However, in comparison to the 

decrease in NO removal, the reduction in NH, slip was far too small for the third 

injection configuration to be considered practical. 

Figure 5-19 shows NO removal and NH, slip as a function of N/NO ratio for the 45”/22” 

configuration with all four injection quadrants in service, and with the west quadrant flow 

reduced by 50%. As was seen in Figure 5-18b, when compared on the basis of 

minimum NH, slip at a fixed N/NO ratio, operation with reduced flow to the west 

quadrant seems to be the preferable configuration. The same is true when the two 

configurations are compared on the basis of maximum achievable NO removal at a 

fixed NH, slip limit. With reduced flow to the west quadrant, nominally 31% NO removal 

can be achieved at an NH, slip limit of 4 ppm. With equal flow to all four quadrants, a 

NO removal of nominally 27% is achievable at the same limit. Although the NO 

removal is slightly less, operation with equal flow to all quadrants is actually the 

preferred configuration from a practical standpoint, because the N/NO ratio is less than 

one-half of that required when running with flow to the.west quadrant cut by 50%. 

Although the chemical utilization is best with equal flow to all quadrants, the results also 

showed that biasing the flow can provide a means of controlling NH, slip. Further 

optimization of this approach would be practical only if the ability to bias the flow could 

be incorporated into the control system. 

The results in Figures 5-17a and 5-17b showed that the SNCR performance with three 

mills in service could be improved by adjusting each lance angle independently. 

Unfortunately, this approach cannot be applied to the automatic control system since 

the PLC is not configured to “know” when or where a coal mill is 00s. These inputs 

could be provided from the Unit 4 DCS, but incorporating them into the SNCR control 

scheme would add another layer of complexity to the system. With the current control 

system, a better approach to improving SNCR performance would be to instruct the 

boiler control operators to adjust the mill bias settings to provide a uniform 0, profile 

across the furnace, as was done during the 60 MWe tests shown in Figure 5-l 3. 
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E. 80 MWe Results 

During the previous phase of SNCR testing, Level 1 injection tests were run at 80 MWe 

with both three and four coal mills in service. During the current test phase, three-mill 

tests were run with Level 1 injection alone, with lance injection alone, and with the two 

levels operating simultaneously. The NO removals and NH, slips for these three 

injection configurations are shown in Figure 5-20. The lance results were obtained at 

an injection angle of 22”, with a total liquid flowrate of 6 gpm, and an atomizing air 

pressure of 10 psig. For Level 1 injection alone, the liquid and air flowrates were 2 gpm 

and 8 psig, respectively. These values were established as the optimal settings for 

Level 1 injection at 80 MWe during the previous test phase, and were therefore used 

during the current test phase. For the simultaneous injection test, the total liquid 

flowrate was 8 gpm, where 6 gpm went to the lances, and the remaining 2 gpm to 

Level 1. Air pressure for this test was maintained at 8 psig. 

The difference in the flue gas temperatures at the two injection locations is quite 

apparent in Figure 5-20. NO removals of greater than 50% are achievable with Level 1 

injection, but the resulting NH, slips are in excess of 60 ppm. At the higher temperature 

lance location, the NH, slips are considerably lower, as are the NO removals. For an 

NH, slip limit of 10 ppm, the achievable NO removals at each location are similar with 

25% for Level 1, and 27% for the lances. However, the N/NO ratios indicate that the 

amount of chemical necessary to achieve this NO removal with the lances is five times 

that required at the Level 1 injection location. Based on this comparison, Level 1 is the 

better location for SNCR at 80 MWe. 

The simultaneous injection test was run at the end of the day of the Level 1 tests. It 

was believed that the combination of the two locations would result in a higher NO 

removal for a fixed NH, slip level. Although there was time for only a single test, the 

results were encouraging when compared to the results of the Level 1 tests from earlier 

in the day, The dashed lines in Figure 5-20 are estimates of the NO removal and NH, 

slip behavior for the simultaneous injection case, based upon the single data point at a 

nominal N/NO ratio of 2.0, and the shape of the curves for the other two injection 
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configurations. Based on these predictions, 10 ppm NH, slip should occur at a N/NO 

ratio of approximately 0.75, with a corresponding NO removal in the range of 30 to 

35%. 

The results of the single simultaneous injection test warranted additional testing of this 

configuration. Therefore, a N/NO curve was run on the next day that 80 MWe was 

available. The results of these tests are shown in Figure 5-21, along with the single test 

point from Figure 5-20. Although the NO removals at the high N/NO ratio repeated well, 

the NH, slip was nearly 25 ppm higher on the second day. Two factors are believed to 

have at least partially contributed to the differences in NH, slip behavior seen between 

the two days. First, the boiler load on the second day drifted down slightly (from 80 to 

77 MWe) during the time between the morning baseline test and first injection test. The 

reduced flue gas temperatures at the lower load will result in a slightly higher NH, slip 

for a fixed N/NO ratio. However, it is believed that this increase would be on the order 

of only 5 ppm, not 25 ppm as seen in Figure 5-21. The control operator was also 

experiencing difficulties with the B coal mill on the second day of tests. The east side of 

the mill was not pulverizing the coal as efficiently as the west, and had a tendency to 

occasionally “plug-up” throughout the day. Although the problem was not so severe as 

to cause the east feeder to trip off-line, or to require the operator to manually take the 

feeder 00s temporarily to allow the mill to clear itself out, the coal fineness or the 

distribution of the coal to the burners may have been affected. Either of these factors 

could have resulted in changes to the temperature profile near the injector locations. 

Again, whether or not the changes would be sufficient to cause a 25 ppm increase in 

NH, slip is open to speculation. 

The advantages of the simultaneous injection configuration are shown more clearly in 

Figure 5-22. In this figure, NH, slip is plotted as a function of NO removal for each of 

the three injection configurations. Although the results for lance injection alone and 

Level 1 injection alone do not overlap (in terms of either NO removal or NH, slip), the 

two sets of results fall along the same basic curve. The results of both sets of 
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simultaneous injection test falls to the right of this curve, indicating that higher NO 

removals are achieved at a fixed NH, slip level with this injection configuration. 

Unfortunately, there was not sufficient time available during the current phase of testing 

to rerun the simultaneous injection tests. While there are questions raised by the 

difference in NH, slip behavior between the two days, it is most important to recall the 

effect seen on the first day when both the Level 1 and simultaneous injection tests were 

run sequentially (Figure 5-20). This data indicates that there is an increase in SNCR 

performance when the two injection levels are run simultaneously at 80 MWe. 

However, running with both injection levels in service also presents a problem due to 

the volume of atomization air injected into the boiler. When running either injection 

location alone, enough air is injected that the steam attemperation valves usually close, 

and the steam temperature drops to nominally 990°F (when open, the valves control 

the temperature to 1000°F). When both SNCR levels are in service, roughly twice as 

much air is injected, and the steam temperatures drop to the 950 top 960°F range. For 

operation with both injection levels in service to be feasible, the benefits of increased 

SNCR performance must be carefully weighed against the efficiency impacts of 

operating the turbine at reduced steam temperatures for long periods of time. 

The effect of total liquid flowrate on NO removal and NH, slip for lance injection at 22” 

is shown in Figure 5-23. The first two sets of data show that as the total liquid flow is 

increased from 6 to 10 gpm, both NO removal and NH, slip increase, indicating that the 

SNCR process is occurring on the high side of the optimal temperature window. Both 

of these sets of data were collected when the boiler was burning the normal Colorado 

bituminous coal. The third set of data shown in the figure was collected during a trial 

burn of a high-volatile coal from the Colorado-Wyoming border. This coal was burned 

for a period of approximately four days during the current test series. Visual 

observations of the fire in the furnace and the steam attemperation valve controls 

indicated that the “Colo-Wyo” coal resulted in higher furnace exit gas temperatures than 

the normal coal. The SNCR results for the two coals at a total liquid flowrate of 6 gpm 
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(Figure 5-23) show that both NO removal and NH, slip are lower with Colo-Wyo coal, 

confirming that the flue gas temperature at the furnace exit is higher with this fuel. 

During the current phase of testing, Level 1 injection tests were run at 80 MWe with 

both three and four coal mills in service. These tests provided the opportunity to 

compare the current performance of the SNCR system to that documented during the 

previous test phase (Smith, et al., 199413). Figure 5-24 compares the results of the two 

sets of tests with three mills in service. Both sets of tests were run with D mill OOS, 

and considering the length of time separating the two test phases (over two and one- 

half years), the agreement is very good. Figure 5-25 compares the results of the two 

sets of tests with all four mills in service, and once again, the agreement is quite good. 

Comparing the three and four mill results against one another further demonstrates that 

for Level 1 injection, the number of mills in service at a particular load has only a small 

effect on NO removal, but a significant effect on NH, slip. The sensitivity of NH, slip is 

believed to be due to the nonuniformities in the temperature profile caused by operating 

with one or more mills 00s. 

F. 90 MWe Results 

Initially, testing at 90 MWe focused on Level 1 injection alone, as it was believed that 

the furnace exit temperatures would be too hot for the lances to be useful. However, 

with the three mill-in-service configuration (A mill OOS), visual observations of the east 

and west sides of the furnace indicated that the west side was considerably cooler. 

Therefore, a short test series was run with Level 1 and the west lance operating 

simultaneously. The results of these tests are compared to the results for Level 1 

injection alone in Figure 5-26. The five tests shown were run consecutively over the 

course of a single day. The Level 1 tests were run first, with a total liquid flowrate of 4 

gpm and an atomizing air pressure of 8 psig. When the west lance was inserted for the 

two final tests (lance angle of 22”) the total liquid flow was increased to 7 gpm (4 gpm 

to Level 1 and 3 gpm to the lance), while the air pressure was maintained at 8 psig. 

Figure 5-26 shows that the NO removal characteristics of the two injection 

configurations are nearly identical, while lower NH, slip levels are achieved with 
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simultaneous injection. At an NH, slip limit of 10 ppm, 41% NO removal is achievable 

with Level 1 alone, and 46% when the west lance is run concurrently. 

Although the results shown in Figure 5-26 indicate that SNCR performance at 90 MWe 

(and A mill 00s) can be improved by operating the west lance in concert with the 

Level 1 injectors, the effect of this injection configuration on steam temperature also 

needs to be addressed. As was seen previously at 80 MWe, when the Level 1 injectors 

were placed in service, the steam attemperation valves closed and the temperature 

leveled out at 990 to 995°F. The steam temperature held constant at this level 

throughout the first three tests until the west lance was inserted, at which time it 

dropped again, eventually settling out in the range of 955 to 965°F. Once again, the 

benefits of increased SNCR performance must be carefully weighed against the long 

term efficiency impacts of operating the turbine at reduced steam temperatures. 

Nearly one-half of the testing at 90 MWe took place during the test bum of the high- 

volatile Colo-Wyo coal. The results shown in Figure 5-26 were for operation with the 

coal normally burned at the station. The NO removal and NH, slip curves (Level 1 

injection only) for operation with both the normal and Colo-Wyo coals are compared in 

Figure 5-27. All of the Colo-Wyo tests were run with a total liquid flowrate of 4 gpm. 

The first test was run with an atomizing air pressure of 8 psig, and the remaining three 

tests at 12 psig. The results indicate that the increase in atomizing air pressure from 8 

to 12 psig has an insignificant effect on NO removal, as well as NH, slip. This 

insensitivity was also seen during the post-retrofit tests (Smith, et al., 1994b). A 

comparison of the SNCR performance with the two different coals confirms that flue gas 

temperatures are higher with the Colo-Wyo coal, as both the NO removals and NH, 

slips are lower for a fixed N/NO ratio. 

G. 100 MWe Results 

During the current test phase, Level 1 injection tests at 100 MWe were run in order to 

compare the current performance of the SNCR system to that recorded previously 
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(A Mill OOS, 4 gpm Liquid) 

5-49 FERCo-7043-R434 



during the post-retrofit tests, While the post-retrofit tests were run with all four mills in 

service, tests were run with both three and four mills in service during the current series 

of tests. The NO removal and NH, slip results for the three sets of tests are shown in 

Figure 5-28. All of the tests were run with a total liquid flowrate of 6 gpm, and an 

atomizing air pressure of 8 psig, as these were the values determined as optimal during 

the post-retrofit tests. The NO removals for the three sets of tests agree well with each 

other, as do the NH, slip data for the four-mill tests. As expected, the NH, slip levels 

are lowest with all four mills in service. At the NH, slip limit of 10 ppm, 36 and 41% NO 

removal is achievable with three and four mills in service, respectively. 

5.2 Detailed Tests 

Detailed measurements of the NO removal profile at the economizer exit were made on 

a limited basis during the test program. Initially, these point-by-point measurements 

were made manually. This approach was time consuming with each 12-point traverse 

requiring l-1/2 to 2 hours to complete. To expedite the testing, the multipoint gas 

analyzer discussed in Section 4.4 was used for a brief series of tests. This analyzer 

was used to simultaneously monitor the NO and 0, levels at all twelve economizer exit 

sample points. Thus, once a baseline measurement was taken, the NO removal profile 

for a specific injection configuration could be characterized in a manner of minutes, 

rather than hours. 

Figures 5-29 and 5-30 show the contour plots of the percentage NO removal for two 

tests at 90 MWe. The left and bottom axes correspond to the west and bottom walls of 

the economizer exit duct, respectively. Assuming that little mixing of the flue gas occurs 

between the injectors and economizer exit, the bottom of the economizer exit duct 

corresponds to flue gas passing near the injectors, while the top of the duct 

corresponds to flue gas on the wall opposite the injectors (recall Figures 2-l and 2-5). 

The two tests were run sequentially at a nominal N/NO ratio of 1.5. In Figure 5-29 only 

the Level 1 injectors were in service, and the results clearly show higher NO removal at 

the bottom of the duct, and the NO removal was fairly uniform across the width of the 

duct. The higher NO reduction toward the bottom of the duct (i.e., region near the 
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Figure 5-30. NO Removal Contour Plot for Level 1 and West ARIL Injection at 90 MWe 
(measurements made with the multipoint gas analyzer) 
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injectors) suggests that the Level 1 injectors may not provide sufficient momentum to 

fully penetrate the flue gas at 90 MWe. 

In Figure 5-30, the west lance and Level 1 injectors ware operating simultaneously. 

The contour plot shows that this configuration resulted in a much more even distribution 

of NO removal on the west side of the duct, indicating that the ARIL lance provides a 

better distribution of chemical across the depth of the furnace. Figure 5-30 also shows 

that the overall levels of NO removal on the west side increased, while the levels on the 

east side decreased (relative to Figure 5-29). This shift was due to the imbalance in the 

total liquid/chemical flows from west to east. With both the lance and Level 1 in 

operation, the total liquid flow to the west side was 5 gpm. On the east side (with 

Level 1 alone) the flow was only 2 gpm. Since the concentration of the urea/water 

mixture was the same throughout the injection system, the N/NO ratio was higher on 

the west side compared to the east (i.e., 2.1 compared to 0.9, respectively), This shift 

from east to west essentially moved the chemical, on average, into a higher 

temperature region, because it was now being injected through the lance rather than 

Level 1. 

Recall that the 90 MWe results presented previously in Figure 5-26 showed that, while 

the overall NO removals were unaffected, the average NH, slip was reduced when the 

west lance and Level 1 injectors were run simultaneously. The results presented above 

indicate that the combination of the improved distribution of chemical on the west side, 

and the increase in the average injection temperature were responsible for the 

reduction in the NH, slip. 

5.3 N,O Emissions 

N,O emissions were also monitored during the ARIL lance tests as well as the prior 

SNCR test phases at Arapahoe Unit 4 (Smith, et al., 1993, Smith, et al., 1994b). While 

not a regulated species, there is interest in N,O emissions due to potential impacts on 

stratospheric ozone chemistry and potential contributions to the greenhouse effect. 

Prior full-scale and pilot-scale studies have shown N,O to be a product of the urea 
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injection process (Smith, et al., 1994b). Since the N,O is formed through a reaction 

between NO and an intermediate decomposition product of urea, the results are 

presented as a ratio of the amount of N,O emitted divided by the amount of NO 

reduced. This is, in effect, the amount of NO convened to N,O. The SNCR tests with 

the original combustion system and initial NO levels of about 850 ppmc, showed that 

the amount of N,O produced was 7 to 17 percent of the NO reduced. The baseline 

results also indicated that the highest levels of N,O were produced at reduced loads 

(Smith, et al., 1993). 

With the retrofit combustion system and the Level 1 injectors, the N,O conversion 

ranged from 20 to 35 percent, with the lowest levels occurring at reduced loads (Smith, 

et al., 1994b). The differences between the baseline and retrofit characteristics were 

attributed to differences in temperature and temperature-time characteristics in the 

boiler (Smith, et al., 1994b). 

N,O exhibits a temperature window similar to the SNCR temperature window for NO 

reduction. This window results from a competition between N,O formation and 

reduction reactions (Smith, et al., 1994b). As such, the amount of N,O emitted will 

depend primarily on parameters that affect temperatures. The major parameters being 

boiler load and lance injection angle, along with a modest dependence on the amount 

of chemical injected (N/NO,.). 

Figure 5-31 shows the effect of lance injection angle on N,O emissions for the 43 MWe 

and 50 MWe tests reported in Figures 5-1 and 5-3. Comparing the N,O results in 

Figure 5-31 to the NO reduction results in Figures 5-1 and 5-3 it is observed that N,O 

formation parallels the NO reduction. At a load of 43 MWe, NO reduction and N,O 

formation were weakly dependent on lance angle, maximum NO reduction occurred at 

an angle of 35 degrees and maximum N,O levels at an angle of 45 degrees. At 43 

MWe, the NO to N,O conversion varied from 26 to 32%. At a load of 50 MWe, the 

amount of N,O decreased monotonically with increasing injection angle. With 

increasing angle, the flue gas temperature into which the urea is injected, 
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increases, and the NO to N,O conversion decreases from 33% at angles less than 

45%, to 5% at an angle of 135 degrees. 

The temperature distribution across the furnace also affected N,O production. This is 

illustrated in Figure 5-32, which shows the effect of mill out of service pattern and N/NO 

ratio on N,O at a boiler load of 60 MWe. As with the prior reported results with the 

retrofit combustion system and Level 1 injectors (Smith, et al., 1994b), the N,O 

production with the ARIL lances exhibits a slight dependence on the N/NO ratio. The 

amount of N,O also depended on which mill was out of service. With D mill out of 

service, the amount of N,O was much higher than with any of the other mills taken out 

of service. 

Figure 5-33 compares the N,O production from the ARIL lances and Level 1 injectors at 

a load of 80 MWe. For these tests, the ARIL lance injection angle was fixed at 22 

degrees. For these test conditions, the Level 1 injectors showed no effect of N/NO ratio 

on N,O , while the N,O production with the ARIL lances increased with increasing N/NO 

ratio. Operating both the Level 1 and ARIL lances simultaneously yielded N,O levels 

between the Level 1 and ARIL lances operated alone. 

Depending on the specific operating condition, N,O production with the ARIL lances 

varied from 5% to over 50% of the NO, reduced. With ARIL lance parameters 

anticipated for long term automatic operation, the N,O conversion should be in the 

range of 20% to 45%; comparable to the Level 1 injectors. 

5.4 Operational Experience with the ARIL Lance System 

A number of start-up problems with the ARIL lance system delayed the start of the test 

program by approximately one week. Communications between the local IBM 

computer and the PLC on the west lance drive were established by the end of the 

week, although problems with the PLC program for automatic operation persisted 

beyond that time. When the lances were finally inserted, it was found that both lances 
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bent dramatically downward. It is believed that the bending was due to uneven heating 

on the upper and lower lance surfaces. The top of the lances receive a large radiant 

load from the roof-mounted burners, while the lower surface stays relatively cool due to 

the proximity of the screen tubes immediately below. This uneven heating pattern 

causes a greater expansion along the upper surface, and the lances bend downward 

toward the screen tubes. Within 30 minutes of insertion, the tip of each lance would 

droop by approximately 16 to 20 inches. 

A second thermal expansion problem was found during the first week of tests. The 

large temperature difference between the lance and the two liquid tubes which carry the 

urea solution down the center of the lance resulted in a substantial difference in the 

thermal expansion. Although the liquid tubes were fabricated with expansion bends, 

the force of the greater expansion of the lance moved the liquid injection nozzles off- 

center from the air orifices. In one case, the force was so great as to break the weld on 

one of the internal tube supports. Each time the lances were removed from the boiler, it 

was necessary to re-center the liquid nozzles. In one case, the differential expansion 

had moved one of the liquid nozzles completely out of the air orifice, and the liquid was 

sprayed on the inside of the lance. 

At the end of the first week of testing, it was decided to remove and repair the lances by 

modifying the internal piping and adding cooling holes to the upper surface of each 

lance. Forty-nine l/4-inch diameter holes were drilled across the top of each lance 

approximately 40” up from the air injection nozzles. The holes were drilled at an angle 

of 30” relative to the centerline of the lance, in order to provide a cooling flow over the 

part of the lance exposed to the radiant heat. It was anticipated that the increased 

cooling would decrease the difference in thermal expansion, and reduce the bending. 

The liquid internals of each lance were also removed and new piping with an improved 

expansion loop between each nozzle installed. This modification allowed differential 

thermal expansion between the lance and liquid lines, while keeping the liquid nozzles 

fixed relative to the air orifices. 
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Testing was delayed for two weeks in order to complete the above repairs. During that 

time, work continued on the problems with the automatic control sequence. When 

testing resumed, it was found that the cooling holes did not solve the bending problem, 

and both lances continued to droop by up to 20 inches at the tip. However, the 

modifications to the liquid lines were successful. Parametric testing resumed, and it 

was soon discovered that the east lance was becoming permanently bent. Testing 

continued for 4-l/2 weeks until the east lance rotation motor failed. An investigation 

showed that the lance was so severely bent that it could not be rotated manually when 

in the retracted position. At this point, testing was again suspended until the lance 

could be straightened. This time period also coincided with a scheduled turbine outage. 

During the turbine outage, both lances were removed and shipped back to the 

manufacturer for repair and modification. NOELL, Inc., indicated that the permanent 

bend of the east lance was the result of ovemeating due to insufficient cooling air at 

high temperatures. At a point in the test program, the east lance had been operated for 

approximately 10 minutes with essentially no cooling air flow. During installation, a pipe 

sling had inadvertently been left in the air supply piping. The sling plugged the lance 

restricting air flow but the lance did not automatically retract as air pressure was 

present. This short period without cooling may have contributed to the permanent 

bending. Modifications to each lance included adding an adjustable slot to the tip to 

increase airflow by approximately 35%, plugging the cooling holes drilled in the first 

attempt to improve lance cooling, and adding a metal/ceramic coating to the outside 

surface. NOELL, Inc., believed that the increase in cooling airflow along the entire 

length of the lance would reduce the chance of any future permanent deformation. The 

metauceramic coating was expected to slightly decrease the lance metal temperature 

by reducing lance emissivity and reduce radiant heating; as well as a minor decrease in 

thermal conductivity. When the lances were removed from the boiler, it was found that 

the west lance also had a slight bend, so both lances were straightened during the 

repair and modification process. 
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The modification, repair and reinstallation of the lances was complete shortly after the 

unit came back on-line from the turbine retrofit. The increase in airflow reduced the 

lance metal temperatures by approximately 5OO”F, but both lances still bent temporarily 

when inserted into the boiler. There ,was no indication of any permanent bending when 

the lances were retracted from the boiler, so the parametric testing resumed. After 

approximately one month of testing, the metal/ceramic coating began to show signs of 

wear and had partially flaked off in some areas near the tip of each lance. By the end 

of the parametric tests, large areas of the coating were missing, although there was still 

no sign of any permanent lance deformation. It is believed that the increase in cooling 

air provided the majority of the temperature reduction and the coating provided only 

minimal benefit. 

5.5 Recommendations for SNCR Operation 

The performance of an ammonia or urea-based post-combustion technology must be 

assessed in terms of achievable NO, removal for a given level of NH, slip. There are 

four factors that must be considered when determining an “acceptable” NH, slip 

operating level: 

1. NH&SO, reactions forming ammonia bisulfate and/or ammonia sulfate can foul air 
preheater surfaces; 

2. plume reactions between NH, and HCI or SO, which can lead to plume visibility 
through the formation of solid ammonium chloride or ammonium sulfite; 

3. absorption of NH, on the fly ash can lead to ash disposal or handling concerns; 
and/or 

4. a regulatory limit on NH, emissions. 

Arapahoe Unit 4 uses a low sulfur Colorado coal that leads to SO, emissions of less 

than 1 ppm. The unit also uses a tubular air heater that is not as sensitive to plugging 

by solid particles as regenerative air heaters. 
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NH, slip can react with HCI in the flue gas forming solid ammonium chloride (NH&I). 

These reactions occur in the plume as the plume entrains ambient air and cools. If the 

amount of NH&I formed is large, a detached visible plume can form. The chlorine 

content of the coal burned at Arapahoe is less than 0.01% leading to flue gas HCI 

concentrations on the order of 1-2 ppm. At these low HCI levels plume visibility is not 

likely due to NHJHCI reactions. Thermodynamic chemical equilibrium calculations were 

performed to assess the temperature region at which the NHJHCI reactions take place. 

The thermodynamic data was obtained from the JANAF tables (Chase, et al., 1985). 

The results are shown in Figure 534a. In this figure the solid line separates the 

regions between gaseous HCI and NH, from solid NH&I. The dotted lines show the 

thermodynamic path of flue gas containing 2 ppm HCI as it exits the stack and entrains 

ambient air at a temperature of 60°F. As the plume entrains air the concentrations of 

NH, and HCI decrease due to dilution, and the temperature decreases. Depending on 

the amount of NH, in the flue gas, the solid NH&I will form when sufficient air is 

entrained to reduce the plume temperature to 165-l 90°F. Again, with less than 2 ppm 

of HCI in the flue gas, even if the solid NH,CI forms, it should not result in plume 

visibility. 

NH, slip can also react with SO, in the flue gas, forming compounds like ammonium 

sulfite, (NH&SO, 

2NH, + SO, + H,O * pH&SO, 

This reaction occurs at much lower temperatures than the NHdHCI reactions discussed 

above. Thermodynamic chemical equilibrium calculations were performed to 

investigate the temperature region at which the above NH&SO, reaction will take place. 

Thermodynamic data for the above reaction was obtained from Hjuler (1991) and the 

calculations assumed SO, = 400 ppm, NH, = 10 ppm, H,O = 10% and a flue gas 

temperature of 250°F. The results of these calculations are shown in Figure 5-34b. 

This figure is similar to Figure 5-34a. The solid line separates the region of gaseous 

NH,, SO,, H,O and solid (NH&SO,.- The dotted lines show the thermodynamic path as 
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the plume entrains ambient air at varying temperatures. As can be seen in Figure 

534b, for the assumed concentrations and thermodynamic data, the NH&O, reactions 

will not take place unless the ambient temperature is below 20°F. This would explain 

the occasional detached visible plumes experienced during the SNCR testing during 

the winter months at Arapahoe (Smith, et al., 1994b). Testing at Arapahoe found that 

at ambient temperatures below 32’F , a visible plume would form at NH, concentrations 

of about 10 ppm. The severity of the plume increased as the~ambient temperature was 

decreased. 

NH, can also absorb on the fly ash. The amount of absorption varies with different ash 

composition. NH, absorption on ash may affect ash sales and may cause ash handling 

concerns. Finally, NH, slip emissions are not currently regulated in Colorado. 

Lacking any regulatory limit on NH, slip and due to the low SO, and HCI emissions, the 

project team selected 10 ppm as the target NH, slip for tuning Arapahoe Unit 4’s SNCR 

system. For a high sulfur/high chlorine coal, 10 ppm NH, slip may be the maximum that 

could be tolerated due to plume and air heater concerns. At Arapahoe it was believe 

this limit would provide a conservative limit that would minimize operational problems. 

While there are no formal federal or state NH, emissions limits, some site specific local 

permits have limited NH, emission to 10 to 25 ppm. 

Based on the parametric tests, Figure 5-35 shows the nominal NO removal expected 

over the load range for a 10 ppm NH, slip limit. The figure includes the performance of 

the Level 1 injectors over the entire load range as well as the improvement expected at 

boiler loads less than 80 MWe by using the ARIL lances. It should be noted that the 

lines in Figure 5-35 represent average perfonance at a given load with either the 

Level 1 injectors or the ARIL lances. Varying boiler operating conditions, such as 

having different coal mills out of service can result in either higher, or lower NO 

removals than shown in Figure 5-35. Figure 5-35 clearly shows that the lances have 

markedly increased low load performance of the SNCR system. With the Level 1 
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Figure 5-35. NO Removal as a Function of load for an NH, Slip Limit of 10 ppm 

injectors alone, NO., removal was limited to only 11% at 60 MWe. With the lances, NO 

removals in excess of 35% are achievable at 60 MWe. 

Table 5-3 summarizes the recommended settings for the SNCR automatic control 

system. As noted previously, the test parametric results indicated that simultaneous 

operation of the lances and the Level 1 injectors could improve SNCR performance at 

selected loads. However, because of potential steam temperature control issues, 

simultaneous injection is not considered a viable long term option. These settings 

assume operation with four mills in service at loads of 80 MWe or greater, three mill 

operation from 55 to 80 MWe, and two mill operation at loads below 55 MWe. 

Although, the recommended N/NO ratio setting for 50 MWe is based on tests 

conducted with three (rather than two) mills in service, the feedback trim control system 
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Table 5-3 

Recommended SNCR Settings for Automatic Control with the ARIL Lances 

Load Injection Lance N/NO Total Liquid Atomizing Air Expected NO 
@IWe) Location Angle Ratio Flow kwm) Pressure (psig) Reduction (%) 

43 Lances 90” 1.15 4 10 37 

50 Lances 45” 1.55 4 10 52 

60 Lances 22” 1.60 4 10 37 

70 Level 1 Retracted 0.65 2 8 42 

80 Level 1 Retracted 0.85 2 8 30 

90 Level 1 Retracted 0.75 4 8 37 

100 Level 1 Retracted 0.95 6 8 43 

111 Level 1 Retracted 1.55 6 8 45 

will reduce the chemical flow rate if the stack NH, levels exceed 10 ppm. Conversely, 

the recommended N/NO ratio for 90 MWe is based on tests with three (rather than four) 

mills in service. In this case, the trim control will increase the chemical flow if the NH, 

slip is well below the 10 ppm limit. 

Tests with three mills in service at 60 and 70 MWe showed that the distributions of O,, 

NO and, most importantly, flue gas temperature varied greatly across the width of the 

furnace, depending on the particular mill 00s pattern. At 70 MWe test results showed 

that operating the lances at different angles on each side of the furnace and biasing 

liquid flow along the length of the lance, were both approaches which could be used to 

move the chemical away from the lower temperature regions, and thus increase the NO 

removal and NH, slip performance. However, the SNCR control system is not currently 

configured to use flue gas temperature as a trim control, nor is it capable of 

automatically biasing liquid flow. Thus, neither of these approaches can be utilized in 

the automatic control mode. On the-other hand. the 60 MWe test results showed that 
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SNCR system performance could be improved by biasing the coal mills to provide more 

uniform combustion conditions at the furnace exit. With the current SNCR control 

system, the best approach to improve NO removal and NH, slip performance with mills 

out of service is to have the boiler control operator bias the appropriate coal mill(s). In 

fact, the Arapahoe Unit 4 DCS could be programmed to perform the mill biasing 

automatically by looking at the excess 0, distribution shown by the four PSCo 0, 

probes at the economizer exit. providing more uniform combustion conditions at the 

furnace exit would not only improve the performance of the SNCR system, but also 

reduce CO and LOI emissions. 

Following the parametric tests, the SNCR system incorporating the ARIL lances was 

operated in automatic load following operation. This included some limited operating 

time with the SNCR alone. However, most of the long term operation was with 

integrated system (i.e., SNCR and sodium-based dry sorbent operated simultaneously). 

As such, the long term test results are presented in the integrated test report. 
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6 

RESULTS: ALTERNATE DPSC LANCE TESTS 

In February 1996, Diamond Power Specialty Company (DPSC) approached PSCo and 

DOE with a proposal to test a different lance design which they believed would 

significantly reduce the bending problem experienced with the ARIL lances. As 

discussed in Section 3, the new lance design was a substantial simplification of the 

original ARIL design. 

A two-week, four-phase, test program was scheduled to evaluate the relative 

performance of the new lance to the original ARIL lances. The initial phase entailed 

collecting a baseline set of data with the ARIL lances. In the second phase, the DPSC 

lance would replace one of the existing ARIL lances, and the liquid atomizer would be 

installed in the air supply pipe immediately upstream of the NOELL, Inc. telescope 

assembly. Thus, the urea solution would be atomized into the air stream within the 

telescope. In the third phase, the telescope would be removed, and a 2-3/4-inch 

diameter “feed tube” installed in its place. In this configuration, the lance assembly 

would resemb1e.a standard, single-sleeve soot blower, and prevent air and liquid being 

sprayed outside of the boiler. The liquid atomizer would be relocated to the rear of the 

feed tube in this configuration. Finally, the fourth phase would entail removing the heat 

shield. 

The test program began on August 16, 1996, and all tests were conducted at a boiler 

load of 60 MWe. Additionally, nearly all of the tests were run with B Mill OOS, as it was 

providing the poorest performance of the four coal mills at the time testing began. Prior 

to installing the DPSC lance, baseline data was obtained with the ARIL lances. The 

tests varied the chemical injection rat8 (N/NO ratio) at a total liquid and atomizing air 
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flow of 4 gpm and 10 psig, respectively, at two injection angles -- 22” and 34”. Figures 

6-la and b show the results of the “ARIL-only” tests at the two angles. Each figure 

shows the results of the NO measurements mad8 separately on the east and west 

sides of th8 economizer exit duct, as well as the composite measurement made across 

the entire cross-section of the duct. NH, slip measurements were also mad8 separately 

on th8 east and west sides of the duct at the air heater exit location and averaged to 

arrive at a composite value. Even with the B Mill out-of-service, the temperatures on 

th8 west side appear lower than on the east. The NO, reduction results agreed well 

with the previous ARIL lance results discussed in Section 5, even though there was a 

significant time difference between the testing. 

The new DPSC lance was installed on the west side of the boiler which in general 

exhibits lower temperature than the east; based on previous temperature 

measurements and the ARIL test results. The lower temperature west side was 

selected as it was believed the DPSC lance would provide for faster evaporation and 

reaction of the urea with NO, since much of the liquid would evaporate as it traveled 

through the lance. After the installation was complete, the new lance was run outside 

the boiler (in the “retracted” position) with air and water so that the degree of liquid 

atomization could be observed. The lance provided a finely atomized spray (similar to 

that seen with the ARIL lances) from each nozzle. However, the “jet” from each nozzle 

was angled slightly toward the tip of the lance at an angle of approximately 15 to 20”. It 

was hypothesized that since the nozzles in the DPSC lance were just holes (without 

any type of throat), there was an insufficient length-to-diameter ratio to force the 

air/liquid mixture out of the nozzle at a 90” angle (relative to the lance axis). Thus, 

each jet had a slight “axial” velocity component as it left the nozzle. 

The second phase of the DPSC lance tests were preformed with the DPSC lance alone 

with the atomizer located at the entrance to the original ARIL air telescope. These tests 

were petfom?8d at the conditions summarized in Table 6-1. 
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Table 6-l 

DPSC Lance Tests; Atomizer Ahead of ARIL Telescope 

Mill P Al, 
00s psi 

C’ 10 
C’ 10 
B 10 

Liquid Flow Injection Angle N/NO 
cm degree molar 

4 22 1.0 
4 45 1.0 
4 22 1 .o. 2.0 

* A&D Mills heavily biased 

During the first two tests with the new DPSC lance, C Mill was 00s for maintenance. 

Thus, it was necessary to heavily bias A and D Mills to allow operation with B Mill, 

which was not performing well. The heavy mill biasing resulted in an 0, distribution 

(and presumably, a flue gas temperature profile) which was extremely non-uniform 

across the furnace from east to west. The results of tests run under these conditions 

should not be compared with those from the previous baseline ARIL lance tests with B 

Mill 00s. Also, they should not be directly compared to the C Mill 00s results 

discussed in Section 5 due to the heavy mill biases required during the current tests. 

Both tests were run at a N/NO ratio of 1 .O, with the DPSC lance in service on the west 

side of the boiler, and the AWL lance on the east. The first test was run at an injection 

angle of 22” (for both lances), and while the NO removal measured on the west side of 

the duct was nominally 40 percent, the NH, slip on the west was nearly 25 ppm. The 

injection angles were increased to 45”for the second test, and the NO removal and NH, 

slip on the west side were reduced to nominally 35 percent and 2 ppm, respectively. 

An important observation from these first two tests was that on the side with the new 

DPSC lance (west), a substantial amount of the urea/water solution was leaking from 

the seals ,at the joints of the telescope sections. Apparently, the new liquid atomizer 

was spraying a significant amount of the solution on the walls of the telescope. The 

solution then collected in the bottom-of the telescope, and was forced out through the 
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seals by the air pressure in the lance. During the previous ARIL-only tests, the 

telescope seals frequently leaked a small amount of air, and occasionally a very small 

amount of liquid (condensed water picked up by the air flowing through the quench 

tank). However, since the liquid leak under these circumstances was small, and did not 

involve urea, it was not considered to be a problem. With the DPSC lance, on the other 

hand, the leak rate was large enough to necessitate the use of 5gallon buckets to 

catch it. When the liquid flow to the lance was first started, the leak rate was estimated 

to be as high as 0.5 gpm (one-quarter of the total liquid flow to the lance). By the end 

of the test, the leaks appeared to be slowed by the crystallization of urea within the 

seals, and the leak rate was reduced to approximately 0.25 gpm. 

When inserted in the boiler, visual observations of the DPSC lance could be made 

through an inspection door which was just below the lance location. Visually, the jets 

from the DPSC lance looked quite different than that seen earlier in the day when the 

lance was run outside of the boiler with only air and water. With the DPSC lance 

inserted, a finely atomized spray was visible from all but the last two nozzles (opacity in 

the furnace made it difficult to see the nozzles near the tip). However, there was also a 

steady “stream” of liquid from each nozzle, which seemed to come from the far edge of 

the nozzle opening (i.e., the edge closest to the tip of the lance). Although a definitive 

reason for this difference in behavior cannot be offered, it appears that with a single 

liquid atomizer, a significant quantity of the urea/water solution impinges on the inside 

surfaces of the telescope and lance tube. This liquid collects in the bottom of the lance 

tube, until it reaches a level where it is carried out of the nozzle openings by the air 

flow. The test run with the DPSC lance in the retracted position was relatively short in 

duration, and was run with an injection angle of approximately 90”. It is possible that 

the test duration was too short to collect enough liquid in the lance tube for the 

“streaming” phenomena to occur. Also, when the lance is retracted, the distance 

between the atomizing nozzle and the lance nozzles is much shorter than when the 

lance is inserted. Throughout the short test program with the DPSC lance, this 

streaming phenomena was seen each time the lance was inserted. 
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Additional tests with the DPSC lance and original telescope were conducted with B Mill 

00s. At N/NO = 1 with an injection angle of 22”, the NO removal measured on the 

west side was over 42 percent, but the NH, slip on the west was nearly 30 ppm. Two 

more tests were run, both at injection angles of 34”. The results of these tests (Figure 

6-2) show that there was a large reduction in NH, slip when the injection angle was 

increased from 22” to 34”, but only a slight reduction in NO removal. The results also 

indicate that at 60 MWe with B Mill OOS, the optimal injection angle for the new DPSC 

lance (on the west side) was 34”. 

Detailed measurements of the NO removal profiles (made with the multipoint multigas 

analyzer discussed in Section 4.4) indicated that, with the DPSC lance, the urea 

injection was biased toward the tip of the lance. Figure 6-3 shows a NO removal 

contour plot for the test at N/NO = 2 with a 34” injection angle (recall that the left-hand 

side of the figure corresponds to the west side of the economizer exit duct). For 

comparison, the contour plot for the ARIL-only injection test at the same conditions (60 

MWe, B Mill OOS, 34” injection angle, and N/NO = 2) is shown in Figure 6-4. With the 

ARIL lances, the distribution of NO removal on the west side is fairly uniform. With the 

DPSC lance on the west side, however, the NO removal is skewed toward the middle of 

the duct (i.e., toward the division wall separating the two halves of the furnace). 

Although it was not apparent during the test outside the boiler (with air and water only), 

the NO removal contours for the DPSC lance indicated that the flow of the water/urea 

solution was biased toward the nozzles near the tip of the lance. 

Figure 6-3 also indicates that, on the west side, the NO removal is generally biased 

toward the bottom of the economizer duct. The flue gas at the bottom of the 

economizer exit duct generally corresponds to the region of flue gas passing “far away” 

from the lance at the injection location (recall Figures 2-1 and 2-5). Compared to the 

ARIL lance on the west side (Figure 6-4) the NO removal contours in Figure 6-3 

indicate that the urea “penetrated” farther across the furnace with the DPSC lance. If 

the atomized urea/water solution drops are larger, the time necessary to evaporate the 
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excess water, and bring the solution to a saturated state, will increase. This results in 

the urea being “released” in a region of flue gas farther away from the lance, as shown 

in Figure 6-3. This indicates that the original assumption that partial evaporation of the 

fluid in the DPSC lance would provide for a faster reaction was incorrect. While the 

amount of urea in liquid form injected by the DPSC lance is less, it is believed the 

average drop size is larger than with the ARIL lance. As such, the liquid carries further 

into the boiler. 

Next, the telescope was removed and the feed tube installed on the west DPSC lance. 

Figure 6-5 shows the results of testing with both lances at injection angles of 34”. With 

the DPSC lance, nominally 43 percent NO removal was achievable on the west side, at 

an NH, slip limit of 10 ppm (N/NO = 1.3). This level of NO removal is higher than that 

achievable with the ARIL lance on the west side at 34”, where only 39 percent NO 

removal was measured at the higher N/NO ratio of 2.0. However, recall that previous 

testing at 60 MWe showed that the optimal injection angle for the ARlLs was 22” (see 

Section 5). The ARIL-only results at 22” (Figure 6-la) showed nominally 50 percent 

NO removal on the west side at the 10 ppm NH, slip limit. Thus, although the 

performance of the new DPSC lance on the west side of the boiler was quite good, it 

did not perform as well as the ARIL lance (at 60 MWe with B Mill 00s). 

The installation of the feed tube on the west side of the boiler eliminated the problem of 

liquid leaking through the telescope seals. However, the relatively small diameter of the 

feed tube increased the overall pressure drop through the injection system on the west 

side. During the two week assessment of the new lance, all tests were run with an 

atomizing air pressure set point of 10 psig. This pressure is measured upstream of the 

telescope or feed tube. Calculations performed by DPSC indicated that there would be 

a pressure drop of approximately 3 psig across the feed tube at the design air flow rate 

of nominally 1450 scfm per lance. This additional pressure drop resulted in a lower air 

flow through the new lance, since the pressure drop across the nozzles was reduced 

from nominally 10 to 7 psig. During the tests with the telescope in place, there was no 

discernable bending of the DPSC lance with 10 psig air pressure and 2 gpm liquid flow. 
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After the feed tube was installed, the lance was seen to bend slightly (2-4 inches) when 

inserted with the reduced air flow. As with the ARIL lance, the bending was temporary 

and the lance was straight when retracted. 

After the feed tube was installed, visual observations of the DPSC lance (made though 

the inspection door) indicated that there were still “streams’ of liquid coming from each 

injection nozzle. However, there were also significant amounts of liquid “dripping” from 

the bottom of the lance at the “joints” between the individual heat shield sections. It is 

believed that the reduction in the pressure drop across the nozzles (the driving force to 

push the air and liquid out in a direction perpendicular to the lance axis), may have 

resulted in an increase in the “axial” component of the jet leaving the nozzle. The angle 

of the jets (toward the tip of the lance) may have increased to the point where a portion 

of the liquid “stream” was caught in the annular space between the heat shield and the 

lance tube. This liquid would then flow toward the tip of the lance, and drip out through 

the joints between the heat shield sections. This was confirmed when the lance was 

retracted and crystallized urea was found in the spaces between the heat shield and 

lance tube. Subsequently, the opening between the heat shield and the lance tube at 

each nozzle location was “seal” welded. While this prevented the liquid from entering 

the annular space, it did not solve the “dripping” problem, as the dripping now occurred 

at each individual nozzle location, rather than at the joints between the heat shield 

sections. 

The reduction in air flow through the DPSC injection nozzles resulted in a reduction in 

the “penetration” of the jets into the flue gas stream. Recall that the contour plot shown 

in Figure 6-3 indicated that the urea was released in an area “far away” from the lance. 

Figure 6-6 shows the NO removal contour plot for a test run at the same conditions, but 

with the feed tube in place on the west side. The results show that the NO removal is 

no longer biased toward the bottom of the duct (i.e., the urea was released in a region 

“closer” to the lance). However, the DPSC lance still obtains more penetration than the 

ARIL lance. As previously discussed, it is believed the DPSC lance has a larger 

average drop size, with the larger drops ~penetrating further and evaporating slower. 
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The difference in performance is attributable to the urea distribution along the DPSC 

lance and the finer atomization of the ARIL lance. The ARIL lance uses a separate 

liquid circuit with individual liquid orifices at each air nozzle. This results in a uniform 

liquid distribution along the length of the lance. The DPSC lance, on the other hand, 

sprays the urea solution into the cooling air stream at the inlet to the lance with some 

impingement on the walls. This provides a less uniform distribution with more liquid 

tending to be carried toward the far end of the lance. It is also believed that the DPSC 

lance generates slightly large drops which are carried further in the boiler. In addition, 

the feed tube geometry of the DPSC lance created an additional pressure drop, 

restricting the amount of cooling air flow and caused some minor temporary bending. 

While the DPSC lance has caused some additional concerns, it has solved the 

mechanical problems experienced with the ARIL lance. The current results show that 

both lance designs have advantages and the “best” lance depends on site-specific 

considerations. 

Overall, the results of the short test program of the DPSC lance were sufficiently 

positive that a second DPSC lance has been ordered. An additional test period of up to 

three weeks is planned, the results of which will be included in the final report. 
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SUMMARY OF PROOF-OF-CONCEPT LANCE TESTS 

Before actually proceeding with the design and fabrication of the ARIL lance system, 

two options for proof-of-concept tests were explored by PSCo. The first was a cold flow 

modeling study similar to the one performed early in the test program for the Level 1 

and Level 2 injectors, where jet penetration and mixing characteristics could be 

assessed as a function of injection angle. Since the 1 :lO scale model of the Arapahoe 

Unit 4 boiler was already in existence, a cold flow study could be conducted quickly and 

at a minimal cost. The disadvantage of this option is that it was not capable of 

assessing how NO removal would be affected by injection angle (i.e., flue gas 

temperature in the region of chemical reaction). The second option was to run full-scale 

urea injection tests, treating only a limited portion of the flue gas with a short lance. 

With this option, “real-world” NO removal data could be generated at a low cost, since 

the full-scale liquid metering and air transport systems were already on-site. The only 

additional equipment necessary would be the lance itself. PSCo decided to pursue the 

second option, as it would provide an indication of the actual NO removals achievable. 

A short lance was designed with general characteristics similar to those proposed for 

the full-length ARIL lances. The stub-lance was air-cooled, nominally four inches in 

diameter, and was fitted with three injection nozzles spaced on two-foot centers. The 

lance was inserted through the unused sootblower opening on the west side of the 

furnace where it protruded approximately six feet into the flue gas flow. Thus, nominally 

one-third of the gas in the west side of the furnace (i.e., nominally one-sixth of the total 

flue gas flow) was treated. The proof-of.-concept tests were conducted to provide an 

indication of the level of NO removal attainable at the new injection location, as well as 
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assess the magnitude of the injection angle effect. All tests were run at a boiler load of 

60 MWe with A Mill 00s. Figure A-l shows the local NO removal (measured in the 

area of treatment only) as a function of injection angle for a fixed urea injection rate. 

The results indicate that injection angle has a large effect on process performance. 

The results of the proof-of-concept tests are compared to the Level 1 injection results 

(from the previous test phase) in Figure A-2. With the exception of the single point for 

injection at 22”, the performance of the stub-lance was better than any of the Level 1 

results, when compared on the basis of NH, slip as a function of NO removal. As only a 

portion of the flue gas was treated with the stub-lance, it is difficult to accurately 

quantify the N/NO ratios for these tests. The proof-of-concept tests were run at two 

different chemical flowrates. Assuming roughly one-half of the flue gas is treated, the 

nominal “local” N/NO ratios corresponding to the two chemical flowrates were 1 .O and 

2.0. The results shown in Figure A-2 were sufficient to warrant proceeding with the 

design and fabrication of the full-length lances. 
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