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A B S T R A C T

The overall goal of this research has been to develop hardware for in situ mea

surements of gas concentrations in high-temperature flows; the approach has been 

to collect infrared radiative emission from the molecules of interest and relate that 

information to concentration. Two types of instruments have been developed: a 

single-line measurement system, and a band collection system. The single-line sys

tem is designed to collect radiative emission from individual ro-vibration transitions, 

and therefore requires high spectral resolution and optical throughput. A Fabry-Perot 

interferometer provides this capability. Although this instrument could be used with 

any molecule with an infrared transition that is well separated from other features, 

the design methodology for this instrument with nitric oxide in a background of wa

ter is presented in detail. Predictions for the instrument are a minimum resolvable 

NO column density of 100 ppm-m based on a simple background subtraction scheme 

with a gas tem perature of 800 K; improved order sorting can dramatically lower this 

minimum. The prototype instrument was field tested at the Arapahoe IV power 

plant in Colorado to demonstrate the instrum ent’s ability to non-intrusively monitor 

NO in a field environment. The band-collect ion system is designed to simultane

ously collect radiative emission from the vibrational bands of carbon dioxide, carbon 

monoxide and water. The system utilizes zirconium fluoride optical fibers to transmit 

infrared radiation from high-temperature combustion effluent. Bandpass filters are 

used to separate emission from different species and optically thick emission from 

carbon dioxide is used to determine tem perature. Band models have been created 

tha t relate the net emissivity for a particular bandpass filter to the tem perature and



column densities of the flow field. Initial testing has been done on a methane burner; 

the ability to follow fluctuations for each constituent has been demonstrated. The 

band models have been used to reduce the flame radiance data  for each filter; column 

density and tem perature results from several flame conditions are reported. To sup

port the development of these instruments, a simulator was constructed capable of 

providing high-temperature combustion effluent and the long pathlengths necessary. 

Temperature control is provided by a heat exchanger and multi-zone furnace along 

the 3 m length of a quartz tube. Optical access is provided at the tube ends using 

NaCl windows which were chosen for their transmissive characteristics in the visible 

and infrared. The windows are protected thermally and from water with a recircu

lating nitrogen flow. Capabilities for the simulator are a high-temperature optical 

pathlength of 2.60 m with maximum tem peratures up to 800°C. This thesis presents 

the design, calibration and results of these instruments in detail.
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C hapter 1 

IN T R O D U C T IO N

The overall goal for this research has been to develop in situ optical concentration 

sensors for high-temperature flows; the approach has been to  collect infrared radiative 

emission from the molecules of interest and relate th a t information to concentration. 

Two types of instruments have been developed: a single-line measurement system, 

and a band collection system. The single-line system is designed to collect radiative 

emission from individual ro-vibration transitions, and therefore requires high spectral 

resolution.

The chapters of this thesis were w ritten independently as manuscripts for publi

cation in various journals. The manuscripts, although not accepted for publication at 

the time this thesis was completed, have been subm itted for review. The expectation 

is th a t only minor revisions will occur between the final published versions and the 

versions th a t compose the chapters of this thesis. The only changes to this thesis, 

from the original manuscripts, have been the cross-referencing of chapters, the modi

fication of citations and references to a single style, and the placement of figures and 

tables. The furnace simulator described in Chapter 2 aided the development of the 

radiative instruments and was used for calibration. The Fabry-Perot interferometer 

described in Chapter 3 provides the ability to make single-line measurements. The 

results of testing the Fabry-Perot instrument at a local power plant are presented in 

Chapter 4. The band measurement system described in Chapter 5 utilizes a custom 

fiber optic assembly and commercially available bandpass filters to simultaneously
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monitor four vibrational bands of different constituents.

Measurements of combustion species are conventionally made using probes to 

extract a gas sample for analysis away from the combustor. Potential sources of error 

include therm al/fluidic disturbance of the flow by the probe as well as composition 

changes in the sample resulting from inadequate reaction quenching. In addition, wa

ter is present in large quantities and is commonly removed. Non-extractive, optical 

measurements are not affected by these phenomena. However, a non-extractive in

strum ent must make accurate measurements at the conditions dictated by the flow of 

interest. This can be more difficult than  making a measurement in a very controlled 

setting. The radiative emission sensors described herein offer potential simplicity and 

close-coupling which allows for a feedback control system.

1.1 A ltern a te  G as C oncentration  D etection  System s

Gas detection systems have a long history as pollutant emission monitors, as a 

means of providing performance and compliance information for a range of combus

tion related processes, and as laboratory tools for fundamental investigations of the 

behaviors of reacting systems. These systems can range from relatively simple to ex

traordinarily complex and can require a similar range of expertise from the operators.

Extractive measurements are by far the most common and require tha t a gas 

sample be extracted from the system flow and delivered to the instrument. Non

extractive measurements, in contrast, integrate the instrument into the system to 

be monitored so tha t no extraction is required. Each of the systems has specific 

advantages. Extractive systems tend to be easier to engineer since the pressure and 

tem perature for the gas can be controlled; in many cases, extractive systems also 

include an intermediate step that removes water from the system (since water is
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present in large quantities for combustion exhausts and is a significant spectroscopic 

intereferent for measurements). The disadvantages for extractive systems are that 

the extraction line must be cleaned and maintained, if water is separated from the 

flow it must be done in a way th a t does not remove other gas constituents, and a gas 

extraction line produces a time delay in the measurements as well as integrating out 

small scale time behaviors.

1.1.1 C hem ilum inescent m onitors for N O , N O 2 , and N H 3

Chemiluminescent monitors are exclusively an extractive-based technology. Beronase 

and Rene[l] described the first Chemiluminescent Gas Analyzer (CCA) in 1959 which 

was based on a heterogeneous reaction. As used, the system requires sample extrac

tion and water separation from the gas flow. Chemiluminescence due to a bimolecular 

reaction between NO and ozone is used for the detection and subsequent concentration 

determination of NO in power plant emission. This reaction between NO and O 3 pro

duces an electronically excited NO2 molecule. An emission band from approximately 

600 to 3200 nm is generated due to relaxation from low-lying vibrational levels of 

the excited electronic state to the ground state, having a maximum at approximately 

1200 nm.

Servomex, a m anufacturer of CGAs, claims an NO detection resolution of 0.005 

ppm for some of their instruments with 95% response times of 30, 60 and 180 seconds 

with 10, 20 , and 60 second time constants, respectively (some systems may operate 

with significantly shorter response tim es).[2]

Detection of NH3 and NO2 has been accomplished by applying techniques for 

the conversion of both species into NO. Investigation has led to establishing the 

effectiveness of several catalysts for the oxidation of NH3 and the reduction of NO2
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to NO at atmospheric pressure. Conversion rates greater than  98%, from NO2 to 

NO, have been achieved at a tem perature of 475°C for Mn, V and W. A conversion 

rate of 90% at 750°C on stainless steel 304 has also been documented. Conversion 

causes a deactivation in the metal tube over time which requires tha t it must be 

heated to higher tem peratures for quantitative conversion. NH3 and NO2 may be 

quantitatively converted to NO by using carbon or carbon/m etal converters. As a 

part of the process, CO is produced during NO2 to NO conversion on the carbon- 

based converter, which must be swept out to avoid tube fouling of the conversion tube 

occurs. Using a carbon/M o tube at 475°C will convert 98% of NO2 to NO with very 

little NH3 conversion. In contrast, if the sample is passed over a carbon/C u converter 

at 400-450°C, both NO2 and NH3 will be converted to NO for quantification. Thus, 

concentrations of NO2 and NH3 can be found as difference signals from a gas stream 

with NO2 and NH3 conversion, a gas stream  with NO2 and conversion, a gas stream 

with NO2 and conversion a gas stream  with no conversion at all.

1.1.2 N on -D isp ersive  Infrared M easurem ents o f G ases

CO and C 0 2 are commonly measured with Non-Dispersive Infrared Analyzers 

(NDIR); these instruments rely on the infrared spectrum of the gas to be measured 

and carefully measure differential absorption levels for reference and test gases. Typ

ically, water is removed from the sample before introduction into the instrument 

since water is a significant interfèrent in the infrared. Measurement accuracies are 

dependent on instrument construction but are typically in the few ppm range with 

measurement ranges from 100 to several thousand ppm. A significant new develop

ment is the manufacture of an NDIR instrument with micro-machined silicon. This 

sensor is actually a  miniaturized Fabry-Perot interferometer th a t samples in a manner
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similar to the traditional NDIR instruments.

1.1.3 Fourier Transform  Infrared M easurem ents o f G ases

Fourier Transform InfraRed (FTIR) systems can be used to monitor exhaust gas 

concentrations and these systems have the distinct advantage th a t concentrations for 

many gases can be determined with a single instrument. However, the measurement 

is normally extractive with an exhaust sample drawn from the exhaust flow into 

a tem perature- and pressure-controlled cell. Typically, the pathlength of the cell 

(normally multi-pass with a set of opposed spherical mirrors) is carefully chosen to 

provide a measurement are summarized in great detail by Griffiths and de Haseth[3]; 

commercial companies such as Nicolet have developed a range of instrument and 

the associated software to routinely acquire data, produce calibration data  sets, and 

determine concentrations. Notable disadvantages for this instrument in terms of field 

use are: the use of liquid nitrogen for detector cooling (note tha t some instruments 

use thermo-electrically cooled detectors with a cost of decreased sensitivity for some 

measurement regions) and multiple calibration points required to specify a non-linear 

calibration function. In addition, the optics in long path absorption cells are corrosion 

sensitive and tend to degrade with time. The non-linear calibration is due to the 

instrument resolution level being of the same order as the line widths tha t are being 

monitored; thus the instrument does not simply measure absorption level at line 

center but rather measures a convolution of the instrum ental line and the absorption 

line.
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1.1.4 Laser A bsorption  M easurem ents

Absorption measurements have been used for several decades as a means of 

non-intrusively monitoring the concentration of specific flow constituents; these mea

surements rely on Beer’s law, typically use lasers for production of the radiation in 

the probe beam, and are described in detail in the literature. [4] Beer’s law is an in

tegration of the equation of radiative transfer through an interaction length with the 

assumption of a homogeneous medium. The equation therefore provides information 

on the concentration along a line-of-sight for the constituent of interest. To quantify 

average number density, the optical cross section must be known; for particulate this 

is typically a weak function of wavelength. However, molecules emit and absorb at 

discrete energy (wavelength) levels as dictated by quantum  mechanics and absorption 

measurements for molecular species rely on detailed knowledge of the spectra for the 

constituent of interest. The im portant issue is to utilize the spectra appropriately by 

providing a suitable overlap of the wavelength for the probe beam and an isolated 

molecular feature from the candidate molecule. Clearly this requires either a tun

able system or a fortuitous overlap between laser wavelength and a specific molecular 

transition. For systems where these criteria are met, high quality measurements are 

relatively simple to implement.



7

1.2 R eferences

[1] Servomex Corp. Technical Manual for 1491 CGA N O /N O x Analyzer, 1997.

[2] E. Levy et al. I&C Enhancements for Low NOx Boiler Operation. In 9th Annual 

Joint ISA P O W ID /E P R I International Instrumentation and Controls Conference, 

St. Petersburg, Florida, 1999.

[3] P. Griffiths and D. de Haseth. Fourier Transform Infrared Spectrometry, volume 83 

of Chemical Analysis. John Wiley and Sons, New York, 1986.

[4] K. Kohse-Hôinghaus. Laser techniques for the quantitative detection of reactive 

intermediates in combustion systems. Prog. Energy Combust. Sci., 20:203-279, 

1994.



8

C hapter 2 

P O W E R  P L A N T  SIM U L A T O R

A power plant simulator was designed and built for development and calibra

tion of optical diagnostics in power plant flows. This paper describes the important 

features of this simulator as well as its performance. The simulator was constructed 

using a 120-mm I.D., approximately 3 m long quartz tube enclosed in a custom man

ufactured multi-zone furnace. Simulation of power plant flows requires combustion 

effluent; this is provided by a propane burner. Additional gases may be seeded into 

the flow using ports positioned before the entry into the 3 m quartz tube. Thus 

flow with specified concentrations of pollutants of interest (i.e. NO, NH3, SO2, etc.) 

can be produced. Temperature control for the gas flow entering the quartz tube is 

provided by a 4 m long heat exchanger positioned between the burner and the 3 m 

long quartz tube. Optical access is provided at the tube ends using NaCl windows 

which were chosen for their transmissive characteristics in the visible and infrared. 

These windows are protected therm ally and from H2O with a recirculating nitrogen 

flow. Capabilities for the simulator are a high-temper at ure optical pathlength of 2.60 

m with maximum tem peratures up to 800° C.

2.1 In trod uction

The power production industry faces increasing cost and emissions-quality pres

sures; sensitivity to cost is driven in large part by deregulation of the industry. In 

addition, emissions quality is increasingly im portant from the perspective of regu
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latory m andates and, equally im portant, public perception of the industry These 

problems are complicated by the power producing infrastructure which has a lifetime 

measured in decades and high replacement cost. Thus, technological improvements 

must be applicable to existing systems; an attractive solution is to apply increasingly 

sophisticated controls to power plants. The controls must be robust enough so that 

a “cost” function can be minimized. This cost function can be tuned to minimize 

emissions, operating costs, or some function of both.

A critical component for this type of controller is a gas concentration sensor capa

ble of high speed, close-to-the-burner measurement of gas concentrations (such as NO, 

CO, CO2, and HgO). A range of optical measurement technologies are potentially ap

plicable but require detailed development as well as calibration. These measurements 

include both laser absorption and radiative emission measurements. Examples of laser 

absorption measurements may be found in the literature for monitoring water [1, 2], 

nitric oxide[3], and carbon monoxide/ carbon dioxide. [3, 4] Radiative emission sensors 

are also under development for NO, CO, CO2, H2O, and tem perature.[5, 6 , 7, 8 , 9] 

These activities need to occur in a standard laboratory setting; thus the develop

ment and construction of a laboratory based, power plant hot flow simulator is an 

im portant stepping stone on the way to robust sensors for power plant controls. The 

development and performance of this facility is described in this paper.

Variables to be simulated by the facility are gas concentrations (i.e. combus

tion effluent), tem perature, and path length. Therefore, a laboratory power plant 

simulator must provide: controlled concentrations of the gases used to simulate the 

combustion effluent, controlled system tem perature, and a path  length similar to 

those in power plants. Production of gas flows with high concentrations of water is 

most easily accomplished via combustion; since the gases to be simulated (i.e. power
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plant exhaust flows) are combustion effluent, this is the ideal solution. Control of 

relative gas concentrations for primary products of combustion, H20  and C 0 2, is 

affected with choice of fuel; system stoichiometry can be used to control CO. Trace 

gas constituents of interest such as NO, S 0 2, etc. are added in a controlled fashion 

to produce desired trace gas concentrations.

■  » ■ ■ s ® *
furnace surrounding 

optical cell
FTIR for gas 

concentration 
measurements

quartz cell and purge 
system for window 

(aluminum blank shown)

burner system 
under furnace

Fig . 2 .1. Side view of the power plant simulator.

Laboratory scale devices clearly cannot produce flows similar to what is observed 

in a power plant. The solution to this problem is to build a heated optical cell that 

is circular in cross section (of modest diameter) but relatively long. Flow from a 

burner enters the cell at one end and exits at the other end. This concept allows the 

use of small, laboratory scale flows but still produces the long pathlengths required 

to simulate the power plant. As a note on pathlength, one can argue that since all 

line-of-sight optical measurements in some way sample the product of concentration 

and pathlength, similar signals can be created with increased concentration and re

duced pathlengths. This observation is correct for trace gases. However, water is a 

significant interfering constituent and it is impractical to raise its concentration much
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beyond what is normally present in combustion exhaust (~15%). Therefore, in order 

to simulate the optical environment seen in power plants, one must use pathlengths 

th a t are of the same order as the plant itself. The simulator provides the capability 

described above and is shown in Fig. 2.1. Note as well tha t the simulator is designed 

to produce high tem perature equilibrium flows; typical time scales for flow through 

the system are approximately 3 sec in the heat exchanger and 40 sec in the optical 

cell.

A schematic diagram of the power plant simulator is shown in Fig. 2 .2 . As 

shown in the figure, the simulator consists of a burner, a heat exchanger section used 

to control flow tem perature, an optical cell and surrounding furnace, and end windows 

with purge flow.

exhaust porttemperature ports

quartz optical cell
seed  portssalt

window fuel

exhaust combustion chamber 
1, with active cooling

air

five-pass heat exchanger
mixing chamber

F i g . 2 .2 . Simulator schematic. Controlled heating zones are labeled A to H, power
capacities are listed in Table 2.1

The following sections provide a short background regarding measurement of 

pollutant species in gas flows followed by a description of the different portions of 

the simulator: the burner, ignition system, flame detection system, heat exchanger, 

optical simulator, window purging system, heater control system, and FTIR  spec

trometer. Finally, the chapter concludes with results from the simulator.
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2.2 Background

Gas detection systems have a long history as pollutant emission monitors ca

pable of providing performance and compliance information for combustion related 

processes and as critical laboratory tools for fundamental reacting system investiga

tions. These detection systems can range from relatively simple to extraordinarily 

complex and can require a similar range of expertise from the operators. For the 

purpose of this short discussion, gas detection systems will be divided into classes: 

extractive and non-extractive.

Extractive measurements are by far the most common and, as the name implies, 

require th a t a gas sample be extracted from the system flow and delivered to the 

instrument. Non-extractive measurements, in contrast, integrate the instrument into 

the combustion system to be monitored so tha t extraction is not required. Each of 

the systems has specific advantages. Extractive systems tend to be easier to engineer 

since the pressure and tem perature for the gas can be controlled; in many cases, 

extractive systems also include an intermediate step th a t removes the water from 

the system (since water is present in large quantities for combustion exhausts and 

is a significant spectroscopic interfèrent for measurements). The disadvantages for 

extractive systems are th a t the extraction line must be cleaned and maintained, if 

water is separated from the flow it must be done in a way th a t does not remove 

other gas constituents. In addition, a gas extraction line produces a time delay in 

the measurements as well as integrating out small scale time behaviors. Extractive 

systems tha t are commonly used are chemiluminescent monitors for NO, NO2, and 

NH3; Non-Dispersive Infrared (NDIR) instruments for measuring CO and CO2; and 

Fourier Transform Infrared (FTIR) measurements for multiple gas measurements from 

a single instrument.
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Non-extractive systems are able to measure gas concentrations within the flow. 

Issues such as perturbations on concentrations due to sampling techniques, the influ

ence of and correction for water removal, and sample line residence times are typically 

removed from consideration. However, a non-extractive instrument must make ac

curate measurements at the conditions dictated by the flow of interest. This can 

be more difficult than  making a measurement in a very controlled setting. Devel

opment of non-extractive monitors requires a controlled laboratory environment for 

testing and calibration; the development of this simulated power plant environment 

is described in this paper.

2.3 Sim ulator B urner

A burner is used to produce combustion effluent (i.e. gases with high concen

trations of H20  and C 0 2) and is based upon a pair of stock premixed flame nozzles 

enclosed within a pipe. This system requires fuel and air delivery, mixing, an ignition 

system, and cooling for both the pipe walls and gases exiting the burner. The overall 

system design philosophy was to separate tem perature control for gases in the optical 

cell from the operation of the burner; thus, gases from the burner are cooled before 

entering the temperature-controlled heat exchanger and optical cell. The remainder 

of this section provides details relevant to the burner and its operation.

Fuel and air are supplied to a mixing chamber using a pressure regulated propane 

source (a standard 20 lb bottle) and a regenerative impeller-type blower (GAST Re- 

genair 4110-2, 2600 slpm maximum flow capacity and 13 kPa max pressure rise), re

spectively. Each of the two flows are regulated with throttling valves and monitored 

with rotameters. Typical operation for the system was a slightly lean stoichiometry 

and an air flow rate of approximately 5.2 sL/s. During extended operation of the
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system, the propane flow tem perature becomes low enough to produce visible con

densation in the rotam eter. To avoid this complication, heating tape is used to raise 

the wall tem peratures of the propane supply tubing.

The mixing chamber is simply a volume where propane and air are mixed; the 

chamber outlet leads to the two premixed flame nozzles. This system is shown in the 

schematic diagram given in Fig. 2.2. Fuel and air are mixed using a tube within a 

tube design; the propane flow enters the inner tube and exits this tube via a series of 

holes spaced along the tube length. The mixed flow is then delivered to two premixed 

nozzles (Selas PRS-6) that are housed within a 8.255-cm O.D. pipe. Details of this 

geometry are provided in Fig. 2 .2 .

The fuel-air mixture is ignited at the nozzle with a spark via an electrical ignition 

system (the electrical location is noted in Fig. 2.3). By applying the spark at the 

nozzle rather than  elsewhere in the chamber, explosive events due to a build-up of 

unburned fuel are avoided. The ignition system relies on standard automotive coils 

(one for each nozzle) ; the coils are powered with 54 volts DC th a t is switched on and 

off with a transistor. High voltage output from the coils is applied to  an electrode in 

each of the two nozzles and the spark occurs between the electrode and the grounded 

nozzle (one side of the coil is held at ground as well).

Burner operation is somewhat unstable due to the low feed pressures produced 

by the blower; inadvertent pressure pulses can easily stop the air flow and put the 

flame out. Therefore the system was designed to operate at atmospheric pressure 

with minimal pressure fluctuations. Installed at the top of the combustion chamber 

is a pressure relief valve. This valve is used as a safety device which allows gas to 

escape in case of a sudden pressure increase. It is comprised of a steel disk which is 

used as a simple “flapper” valve and is attached to a vertical pipe by a hinge. When
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burner nozzle 
< /  wall

high voltage 
conductor

premixed gas 
/  outlet plate

machined 1 
ceramic insulator

gap where /  
spark occurs

F ig . 2.3. Top view of customized premixed burner nozzle and ignitor. Note tha t the 
premixed gas outlet plate is recessed 13 mm within the burner nozzle.

igniting the flow, this valve is left open to prevent pressure pulses. After ignition and 

flame stabilization, the valve is closed.

Cooling is provided in the burner section both to control the exterior wall tem

perature and to cool the exhaust gases sufficiently to allow the tem perature in the 

optical cell to  be set by the furnace/heat exchanger system positioned between the 

burner exit and the entry to the optical cell. The walls for the combustion chamber 

and subsequent pipe are cooled via copper tubes tha t are welded to the exterior wall. 

These tubes are evenly spaced along the combustion chamber walls and care is taken 

to avoid local cold spots which could produce condensation in the combustion exhaust 

gases. Each of the cooling tubes is actually a concentric tube pair with entry and 

exit at the same end of the tube assembly. Cold entering flow is contained in the 

inner tube and the exit flow is in the annular region between the two tubes. Thus 

the initially cold cooling water flows for an entire tube length and is heated before it 

comes in contact with exterior wall. This strategy is used to avoid local cold spots.
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2.4 F lam e D etec tio n  System

Prevention of an explosive event in the combustion burner is obviously important 

since the heat exchanger and the optical cell are constructed of fragile quartz. To 

protect these components an optical flame detector was employed to monitor the 

flame and stop the flow of fuel if the flame goes out.

The flame detection and shut-off system prevents significant accumulation of un

burned fuel/air mixture in the burner sections. Optical access to the flame is provided 

through a sapphire window with the flame emission imaged onto a silicon photodiode 

(photodiode area of 16 mm2 and full collection angle of 17 deg). A blue/UV filter 

(Schott BG-37) is located between the collection lens and the photodiode allowing 

light near 430 nm to pass through the filter (bandwidth is approximately 130 nm). 

This spectral region corresponds to a strong emission band for CH in the flame. When 

the flame emission falls below a set level (i.e. the flame goes out for some reason), a 

solenoid valve in the fuel supply line is closed. The quantity of unburned fuel tha t en

ters the burner can be calculated using the valve turn-off time (measured with a high 

speed pressure transducer) which in turn  can be used to estim ate the flammability 

of the fuel/air mixture in the burner enclosure. Assuming th a t the fuel mixes evenly 

throughout the enclosure, an equivalence ratio of 0.015 is produced compared to a 

lean flammability limit of 0.51 for propane/air mixtures. Thus, ignition of fuel that 

enters the burner subsequent to  the flame going out must involve a small fraction of 

the burner enclosure (since the flammability limit is 0.51) and any ensuing pressure 

“pulse” will be relatively weak. This, combined with the “flapper” valve described 

in the previous section (this valves opens at pressures less than  10 kPa), protects the 

quartz portions of the apparatus from an unexpected pressure rise. The flame emis

sion/fuel valve shut-off system has an override which is used during initial ignition
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Table 2.1. Heating sections and power capacities for the eight simulator heating
zones.

Zone Length (cm) Power (kW) Amperage at 208V
A 60.96 7.85 37.7
B 30.48 3.78 18.1
C 15.24 1.9 9.1
D 60.96 7.85 37.7
E 60.96 7.85 37.7
F 60.96 7.85 37.7
G 60.96 7.85 37.7
H 15.24 1.9 9.1

for the burner.

2.5 H eater S ystem

Tem perature control of the exhaust gas is necessary so th a t da ta  can be taken at 

various tem peratures of interest. After being cooled to a tem perature of 200-300°C, 

the exhaust gases are subsequently heated by a feedback-controlled heater system. 

The heat exchanger and optical cell are divided into eight separate heater zones; six 

surrounding the cell and two around a five-pass heat exchanger. Each zone consists 

of a ceramic heater and a K-type thermocouple. The heater elements vary in length 

and power output as described in Table 2.1 and Fig. 2.2.

Exhaust gases diverted into the 28-mm I.E. heat exchanger (custom blown quartz 

tubing) are heated by the heat exchanger walls th a t are surrounded by ceramic heater 

units. Total length of the five-pass heat exchanger is approximately 4.1 m; the system 

is folded to fit this overall length into a 0.8-m long package. Assuming a constant wall 

tem perature for the heat exchanger (and the associated constant Nusselt number for 

laminar flow) and ignoring the improved heat transfer due to joints used to fold the 

tube, this length ensures tha t the exhaust gas will reach the wall tem perature. [10]
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Two 9.5 mm diameter tubes attached to a 50-mm O.D. main tube at the end of 

the heat exchanger (note tha t the final 36 cm of the heat exchanger has an increased 

diameter) are used as seed lines for the addition of trace gases or particulate to the 

exhaust effluent. The entire heat exchanger and heater element assembly is enclosed 

in an insulated housing which stands vertically and is situated directly underneath 

one end of the optical cell. The exit end of the heat exchanger and the entrance to 

the optical cell (located 38 cm from the window flange) are standard o-ring flanges 

which utilize a ceramic fiber o-ring between them as a seal. The heat exchanger is 

supported by a set of extension springs; thus therm al expansion of components does 

not produce large stresses in the quartz parts.

The main purpose of the furnace control system is to safely heat and cool the 

quartz tube at a rate which will not thermally shock the cell, to limit tem perature 

differences along the cells length and to accurately maintain the tem perature of the 

optical cell. A computer da ta  acquisition system is used to monitor the tem perature 

of the zones and control the heaters. The feedback system is based on proportional- 

derivative control to achieve desired tem peratures with minimal undershoot and over

shoot.

2.6 Pow er P lan t O ptical Sim ulator

As the exhaust gases leave the combustion burner and heat exchanger they enter 

a 120-mm I D. quartz optical cell. The optical cell is 3.37 m long, lies horizontally 

above the heat exchanger and combustion system, and is enclosed in a six zone furnace 

system. At each end of the cell is a flange with a NaCl window attached via aluminum 

window mounts. The aluminum window mounts are sealed against the quartz flange 

with silicone o-rings. The high-temperature optical path length for the system, i.e.
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the to ta l length minus the low tem perature regions, is 2.70 m (as discussed in Section 

2.7, the regions near the windows are cool and purged with dry air).

Two sets of eight 9.5-mm O.D. quartz tubes, used to deliver flow for the window 

purging system, are set 130 mm apart and extend radially outward from the longitu

dinal axis of the optical cell (see Fig. 2.4). These tubes deliver, and then evacuate, 

dry air in front of the NaCl windows, which creates a barrier keeping the windows 

clear from particulates and water vapor. It also keeps them  from being exposed to 

the extreme tem peratures of the exhaust gases. This window purging system will be 

discussed in greater detail in Section 2.7.

optical cell
dry air

. ^ ' • 12-

combustion
effluentsalt / \  

window vacuum

F ig . 2.4. Cutaway illustration of quartz end region showing purge flows used to
minimize water damage to salt windows.

Along the length of the cell are five more 9.5-mm tubes spaced 641 mm apart in 

which thermocouples are inserted for tem perature observation (see Fig. 2.2). In the 

same manner as the heat exchanger, the optical cell is surrounded by ceramic heaters 

to keep the gas tem perature constant along the axis. Support for the cell is provided 

by 2.54-cm thick insulation boards placed between each of the zones and at both ends 

of the quartz cell. The length and capacities of the zones are shown in Table 2.1 and
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Fig. 2.2. The entire assembly is insulated with alumina blanket and encased in a 

sheet metal enclosure. The cell can be safely heated to 800°C; typical tem perature 

uniformity outside of the purge regions is d=20°C (as determined by thermocouple 

measurements taken a t the tem perature ports noted in Fig. 2.2).

2.7 O ptical C ell W indow  P urging S ystem

Light at approximately 5.2 fim  must be collected through the optical cell end- 

windows in order to observe emission from NO (the first constituent for which an 

optical diagnostic is being developed). Sodium chloride was chosen as the window 

material due to its relative cost, compared to barium fluoride or zinc selenide, and 

large transmission range (0.2 to 15 /mi). However, since the water vapor present in 

the exhaust gas would degrade the windows, they must be protected from the flow. 

This is achieved through the implementation of a purging system which provides a 

barrier of dry, cool air between the windows and exhaust flow, see Fig. 2.4.

Compressed air a t approximately 550 kPa is sent into a Puregas Heatless Dryer 

(model HF300A) which removes water to — 73°C dewpoint.[ll] A pressure regulator 

is integrated into this unit which decreases the pressure to approximately 172 kPa. 

Air from this system is delivered to each end of the cell and flows into a copper man

ifold where it is distributed into eight Tylan mass-flow controllers. These controllers 

provide a flow rate up to 10 slpm of dry air into each of eight 9.5-mm O.D. quartz 

tubes which were discussed earlier. This air is evacuated by eight more quartz tubes 

of the same diameter as the inlets which are set 127 mm toward the center of the 

cell. Eight more mass-flow controllers (one for each evacuation tube) are used in con

junction with a Busch vacuum pump, model RA0063-A005-1101. This mechanical 

oil-sealed pump is capable of a flow rate of 160 slpm at a 10 millitorr inlet pressure.
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System operation used a  3 slpm flowrate for each mass flow controller. This rate was 

experimentally determined by varying the flowrate (all tubes with equal flow) while 

monitoring water concentration at the window face with an FTIR, (described in sec

tion 2.8). At a flowrate of 3 slpm per mass flow controller the water concentration 

at the window was reduced by approximately a factor of 5 with combustion effluent 

flowing through the optical cell, Fig. 2.5.

10

8
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4

2

0 0 1 2 3 4 5
purge flowrate (slpm)

F ig . 2.5. W ater concentration  at th e w indow  as a function  o f purge flowrate 
(flow rate is per in let line; note th at there are 8 in let lines).

To determine the characteristics of the purge region, water concentration mea

surements were taken with an FTIR  and probe (Section 2.8) and tem perature mea

surements were taken with a fine wire (0.0254 mm) type K thermocouple. Results 

for water concentration and tem perature, at the optical cell center line, as a function 

of axial distance from the window are shown in Fig. 2.6. Concentration and tem

perature measurements were performed several times and all features of this curve 

are highly repeatable. The fine wire diameter was required to limit the conduction-
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based tem perature error along the wires. Radiation corrections are not significant for 

the observed exhaust tem peratures in this simulator (as determined by modeling the 

energy transport for the thermocouple bead).[12, 13]

50016

"D— water 
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F ig . 2.6. W ater concentration and tem perature profiles in the purge region at a 
purge flowrate of 3 slpm for each of the eight feed tubes.

The goal for the simulator is to provide high tem perature combustion exhaust 

and long pathlengths for the development of optical emission sensors. Although the 

idea for the emission sensors is to operate in a spectral region where absorption effects 

are small, absorption by water in the atmosphere and in the purge regions can be 

im portant to the operation of these sensors. An initial investigation was performed 

to quantify the role of absorption on an emission instrument designed to detect nitric 

oxide using a wavelength of approximately 5.2 fim.

Figure 2.7 illustrates calculated transmission (as a function of wavelength) for 

both the ambient atmosphere and the purge region of the optical simulator. Condi

tions for the ambient atmosphere calculation were 1% water a t 300K and the calcu

lation is based on line by line absorption using the HITRAN database[14] with a 3 m
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pathlength. Transmission for the optical simulator purge region was created using the 

measured tem peratures and water concentrations in Fig. 2.6. This modeling is based 

on the product of transmission through 22 layers of gas with the water tem perature 

and concentration specified by the data  in Fig. 2.6. Fig. 2.7 also includes emissivity 

for nitric oxide assuming 300 ppm nitric oxide with a 3 m pathlength (the HITRAN 

database was again used to produce emissivities). The requirement for a successful 

emission measurement is emission from the target molecule (NO) with little absorp

tion from other gases. It is clear from Fig. 2.7 th a t significant opportunities for the 

radiative measurement of nitric oxide exist in the 5.175 to 5.195 fim  range because 

several nitric oxide emission lines are relatively unobstructed by water absorption 

(molecular nitrogen and oxygen do not absorb in the infrared regions of interest and 

both CO2 and CO do not have significant features in this spectral region). The mod

eling was used to  accurately account for the effects of the purge region. The total 

pathlength, window-to-window, in the optical cell is 3.37 m. However, for emission 

measurements the participating gas must be hot and contain the target molecule. For 

this reason the purge regions must be subtracted from the overall length; we have 

used tem perature as the criteria for setting the length of the purge regions (criteria 

was a tem perature increase from room ambient conditions to 85% of the total flow 

tem perature increase). In this way we define the pathlength for each purge region 

to be 0.38 m and an active optical pathlength for the simulator to be 2.6 m (i.e. 

to tal length minus both purge regions). Note as well th a t there is uncertainty in 

the “active” pathlength (because of the purge regions) and very careful and accurate 

calibrations will require a detailed calculation tha t includes purge region effects.
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F i g . 2.7. HITRAN[14] simulations of optical transmission through the purge region 
(solid line), through atmospheric air (1% water) with a 3 m path  length (dashed line), 
and nitric oxide emissivity (300 ppm at 600K) with a 3 m pathlength (dotted line).

2.8 F T IR  M easurem ent o f E xhaust G ases

The goal of FTIR  measurement is threefold: to measure near-window water con

centrations for defining an optimal purge flowrate, to measure water concentrations 

axially for defining an effective pathlength for the optical cell, and to simultaneously 

measure various constituents of the optical cell exhaust gas for calibration of non

extractive diagnostics.

Infrared data  are collected using a Nicolet Magna-IR 560, equipped with a liquid 

nitrogen cooled MCT detector, and a 10 meter Gemini-Mars gas cell with an MKS 

B aratron type 122B pressure transducer. The instrument resolution is set to 0.5 cm-1 . 

Software for data  analysis is Omnic and Quantpad (Nicolet). Before being used to 

quantify gas concentrations from the power plant simulator, the FTIR  is calibrated 

at 60 to rr with known concentrations of CO, C 0 2, NO, and H20  (note th a t the list 

could be expanded to include other constituents). Sixty torr is used as the gas cell
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Table 2.2. Analytes and their concentration ranges for this study.
Analyte Concentration range (by volume)

NO 200 -  500 ppm
CO 500 -  3000 ppm
H20  5 -  15%

pressure to prevent the condensation of water at room tem perature. Table 2.2 shows 

the analytes and their concentration ranges used for this study.

For calibration of optically-based, non-extractive techniques, exhaust gases are 

extracted at the outlet port of the optical cell and transferred to the infrared gas 

cell. A quartz probe, with an approximately 1 mm inlet hole, and metering valve 

(positioned at the quartz probe) with heated transfer line are used to create an 

exhaust gas flow through the cell at 60 torr. This system combined with a calibration 

da ta  set (see Table 2.2) and data  analysis software provides the means to produce 

concentration measurements for NO, CO, C 0 2, and H20 .

2.9 D iscussion

The power plant simulator was built to facilitate the development of a radiative 

instrument for monitoring power plant exhaust constituents. The instrument under 

development measures the integral of emissivity, [8] Eq. 2.1.

e =  y  ( l - e _ / E ‘JV“Ti)‘fl)(iA (2.1)

where £ is the integral of emissivity, Ni is the number density of the zth constituent, 

a* is the cross-section of the zth constituent, dl is a differential pathlength, dX is a 

differential wavelength and Ai and À2 are the integration limits fro wavelength. By
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judiciously choosing spectral regions so tha t a single constituent radiates/ absorbs 

and assuming homogeneity across the pathlength a concentration can be found. [8] 

Subtraction of the nitrogen purge regions of the simulator from the total cell length is 

used to define the optically active pathlength of the simulator to be 2.6 m (as discussed 

in Section 2.7). The simulator is used to calibrate radiative sensors in development 

and relate the data  to theoretical predictions. Initial results for a nitric oxide radiative 

sensor are shown in Fig. 2.8 (this development is described elsewhere[9]). As this 

figure shows, we have produced a sensor where calibration and theoretical prediction 

agree quite well. The power plant simulator is clearly quite im portant to this work. 

Extension to other constituents of interest (i.e. NH3, SO2, etc.) is possible with 

modeling similar to th a t in Fig. 2.7 and is planned for future research.
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F ig . 2.8. Theoretical prediction and simulator calibration at 973 K for the nitric
oxide measurement system.
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C hapter 3 

F A B R Y -P E R O T  IN T E R F E R O M E T E R  D E S IG N  M E T H O D O L O G Y

3.1 In trod uction

The large-scale conversion of fossil fuels to electrical energy, and the concomitant 

impact on air quality, m andate ever decreasing pollutant emission levels from power 

plants. However, as the technology for emission reduction from power plants becomes 

increasingly mature, it is difficult to lower power plant emission levels especially in 

the context of power industry deregulation and increased cost pressures. A further 

complicating factor is th a t the power producing infrastructure is relatively fixed in 

nature since the typical life of a power plant is measured in decades. Thus the most 

desirable type of emission control must be cost effective and applicable to existing 

systems. One means of advancing this type of technology is to apply increasingly 

sophisticated controls to power plants so th a t a “cost” function can be minimized. 

This cost function could be tuned to minimize emissions, operating costs, or some 

function of both. However, an impediment to the implementation of this type of 

control is a set of sensors capable of measuring the gas constituents in power plant 

duct flows with a time response suitable for use in a control system. Current sensors 

in place at power plants are extractive, requiring cleaning and maintenance, and 

typically have a water removal step. A robust, optically-based sensor could overcome 

these difficulties and the technology th a t can produce this class of gas concentration 

sensors is the subject of this paper.
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The power plant exhaust stack environment consists of relatively long path

lengths (~  10 m), high tem peratures (600 to 900K), and includes particulate inter

ference (e.g. soot and/or ash). The concentration of water in the combustion effluent 

is on the order of 12%; in contrast, the concentration of nitric oxide ranges from 10’s 

to 1000’s ppm (dependent on fuel and technology used). The spectroscopic environ

ment for the measurement, due to long pathlengths and high water concentrations, 

includes very broad lineshapes which influence detection limits and data  reduction 

methods. At atmospheric pressures and typical stack tem peratures the molecular 

lineshape for both nitric oxide and water are given by a Lorentzian distribution. In 

order to simulate the measurement environment, a long pathlength (~3 m) experi

mental calibration and development facility capable of reproducing the power plant 

exhaust environment (i.e., the effluent emissions, tem peratures and pathlengths) has 

been developed and has been previously reported. [1]

The design methodology described in this paper is based on radiative emission by 

ro-vibrational transitions th a t are well isolated from emission features for other con

stituents of the flow. In order to achieve the high spectral resolution required for sen

sitivity and specificity, a Fabry-Perot interferometer (FPI) is used as the wavelength 

selection device. The FPI has been well characterized[2, 3] and is used in applica

tions ranging from astronomy to laser-based laboratory experiments. The wavelength 

selectability afforded by an emission based Fabry-Perot instrument is a tremendous 

advantage because the operating wavelength can be chosen based on spectroscopic 

transitions for the molecule of interest rather than on a fortuitous overlap between a 

laser and the ro-vibrational transition for specific molecules. The advent of quantum 

cascade lasers has created flexibility for absorption measurements in the infrared and 

may prove to be a viable alternative; however, radiative emission sensors are relatively
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simple to apply and can be quite sensitive. The scope of this paper is to present a 

brief summary of the FPI, introduce a design methodology relevant to absorbing and 

radiating gas systems, and characterize the performance from a working prototype. 

The FPI design we report is optimized for measuring the concentration of nitric oxide 

using the fundamental vibration band («  5.2 fim) in a large background of water. 

Fundamental transitions are much stronger than their overtones, and thus greater 

sensitivity can be achieved with a measurement tha t uses fundamental transitions. 

The reported methodology could also be successfully employed to optimize radiative 

measurements of other constituents (NH3, CO, etc).

3.2 B ackground

An FPI is an optical filter, or wavelength dispersing instrument, which operates 

by multiple-beam interference of reflected rays of light. It typically consists of two 

substrates with partially reflective coatings on the inner surfaces which are separated 

by some distance. As light at a particular wavelength strikes the first substrate at 

an angle 0, it is partially reflected between the two inner coated surfaces of both 

substrates, as illustrated in Fig. 3.1. If the spacing between the substrates is such 

th a t an integral number of the wavelengths fit between the incident and collection 

planes orthogonal to the propagation direction, a build up of intensity occurs due 

to constructive interference. If the spacing is such th a t it is not an integral number 

of the wavelength of interest, destructive interference will occur which results in low 

transmission intensities. In this way the FPI may be used to selectively choose which 

wavelength (A) will be transm itted by setting the substrate spacing (d):

2nd cos 0 = mX (3.1)
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where n  is the index of refraction between the substrates and m  is the integral order 

of spacing.

F ig . 3.1. Schematic diagram of a Fabry-Perot interferometer with scanning abilities. 
The transm itted radiation is given by an Airy function, expressed in Eqn. 3.2 and 
illustrated in Fig. 3.2.

If the spacing between the surfaces cannot be changed, the device is called an 

étalon and is simply an optical resonator. If the spacing can be changed, either 

physically or by altering the index of refraction of the medium between the plates, 

wavelength selection can be achieved and the device is called an FPI. In this case, 

the instrument is much like a prism or grating monochromator, in tha t it is used to 

separate light into well defined wavelengths; however it has the advantages of higher 

luminosity and greater spectral resolution. The FPI is approximately 30 times more 

luminous than  grating devices[4] and therefore the preferred high-resolution spectral 

instrum ent for low light applications.

The m athem atical development of multiple-beam interference theory of an FPI 

can be found in many sources.[2, 4, 5, 6] Referring to Fig. 3.2, the transmission
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radiation

transmitted
radiation

reflected
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through an FPI at a single wavelength is:

n(9) = I + R 2 — 2R  cos (Airrid cos 0/X)
(3.2)

where A  is the substrate absorbance, R  is the reflectance at the inner surfaces, n is 

the refractive index of the medium between the interfaces, d is the spacing between 

the substrates, 6 is the angle of incidence with the substrate, and A is the wavelength. 

Transmission in Fig. 3.2 is plotted on a logarithmic scale to better show the differences 

in contrast as reflectivity changes. From Fig. 3.2, it is readily apparent tha t the 

spectral width of the transm itted light narrows with increasing reflectivity.

0.1

0.01

R = 0 .90  
R = 0 .80

5.18 5.19 5 .205.16 5 .17

wavelength (gm)

F ig . 3.2. Transmission (Airy function given in Eqn. 3.2) as a function of 
wavelength for two reflectivities assuming zero substrate absorption (log scale).

The FPI is periodic by nature (note the multiple transmission maxima in Fig. 

3.2); the wavelength range for one period is known as the free spectral range (AAfsr) 

and is given by:

A A f sr = _A_
2nd (3.3)
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An im portant quantity which is used to describe the performance of an FPI is 

th a t of the reflectivity finesse (Fr), Eqn. 3.4,[2, 3, 6] which is used to calculate the 

ideal instrum ent resolution (AAi), Eqn. 3.5.

From Eqn. 3.5 one can see th a t the description of finesse is simply the number 

of transmission maxima which fit into a free spectral range. It would appear that 

infinitesimal spectral resolution could be obtained using high-reflectance plates and 

large substrate spacing. However, practical considerations limit the obtainable finesse 

and are discussed in detail in the Methodology section.

Another relevant quantity to describe the performance of an FPI is th a t of con

trast ratio. Referring to Fig. 3.2, note th a t the minimum value of transmission does 

not reach zero. Contrast ratio is defined as the ratio of maximum transmission to 

minimum transmission and describes the ability of an FPI to discriminate a strong 

emission line from a weak line in the same spectrum. Contrast ratio {C) is given by 

the expression: [4]

The light gathering power of an optical system is known as etendue. Transmission 

of an FPI is dependent upon the angle of incidence (refer to Eqn. 3.2) and therefore, 

it is incomplete to assume a fixed transmissivity over a range of collection angles that

(3.4)

(3.5)

(7 =  1 +  (2FR/7r)2 (3.6)

make up the collection angle. A definition for the etendue (ip\) of an FPI, which
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takes transmission variation over incidence angle, 0, into consideration, is:

0max

ÿ x  = A p J  T\ d t t  = A p J  t \ (Q )  2 7 t  sin 0 dO (3.7)
o

where A p is the area of the plates, and #max is the collection angle defined by the 

minimum aperture of the system. The instrumental profile (i.e. the etendue variation 

with wavelength) for the FPI is created by evaluating the etendue (fixed plate spacing) 

at the wavelengths across the width of a single order. This function was numerically 

evaluated to form the instrum ent profiles shown in Fig. 3.3.

8 9 =  0.015 rad

7

6

9 = 0.010 rad
CMW

o

3

2

9m = 0.005 rad1

0
5.188 5.189 5.190 5.191 5.192

wavelength (|im)

F ig . 3.3. A single transmission maximum (instrument profile) of Eqn. 3.7 for several 
collection angles assuming the entire area of the plates is used (60 mm). Increasing 
#max increases the etendue but also broadens the instrum ental profile. Note the shift 
of the central wavelength towards shorter wavelengths as the collection angle gets 
larger.

Conceptually, it is not difficult to understand th a t as 0max is increased, more 

light is collected through the interferometer adding to the overall etendue. However, 

a system in which light is collected through a non-zero collection angle introduces
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instrum ental profile broadening since the transmission maximum changes with angle. 

This has the effect of increasing the profile height and broadening the profile as well. 

Fig. 3.3 shows several instrum ental profiles, all at the same central wavelength of 5.19 

fim  (for zero angle of incidence), but having different values for maximum collection 

angle. Note the shift of the profile towards shorter wavelengths as the maximum solid 

angle through the interferometer increases. Although this seems counter-intuitive, in

spection of the equation for phase difference between subsequent reflections of incident 

light reveals th a t as the angle measured from the normal increases, the difference in 

optical path  for two successive rays decreases. [5] Thus, the wavelength at which exact 

constructive interference occurs will decrease with angle.

Due to the repetitive transmissive nature (refer to Fig. 3.2) of the FPI, some 

type of filtering is necessary to inhibit spectral information from several orders being 

detected simultaneously. Possible solutions, as will be discussed, include interference 

filters, an étalon or second interferometer, multiple order deconvolution and a grating 

monochromator.

An interference filter with a band pass FWHM equal to the free spectral range 

of the FPI would be the simplest order sorting device. Free spectral range values for 

this application (as discussed in a subsequent section), imply a 12 nm FWHM with 

a central wavelength of 5.2 fim. Unfortunately, a filter with these specifications is 

difficult, if not impossible, to procure. Filters with off-set central wavelengths may 

be used together but this produces only incremental gains in the net FWHM.

A second interferometer, or étalon, could be used with the transmission profile 

sized to act as an order sorting filter. This implies a large free spectral range instru

ment, which in turn, implies relatively small plate spacings (approximately 30 /un). 

Although this concept has significant promise, producing an étalon that is adjust-
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ment free is actually quite difficult. Since the project discussed in this paper already 

required the development of a high resolution FPI, we chose to avoid the design and 

development of a second custom piece of optical equipment.

Deconvolution of multiple orders is also a theoretically possible solution. In 

principle this is a limited wavelength range instrument th a t operates in a fashion 

similar to a Fourier Transform Infrared spectrometer. One of the critical components 

to this m ethod is to collect spectra from many orders in plate spacing. Although this 

can be done, it is a significant mechanical complication since the piezoelectric motors 

have limited travel (for example the motors used to scan the reflective plates for the 

FPI th a t was developed have a motion range of only 1.5 plate spacing orders).

Finally, a grating monochromator is a stock laboratory instrument th a t can eas

ily perform the order sorting function. Unfortunately, the monochromator becomes 

the limiting optical element in terms of etendue, and as will be discussed, signifi

cantly compromises the light collection properties of the FPI. However, for concept 

demonstration, the monochromator offered the most direct solution and was therefore 

utilized.

3.3 M eth od o logy

The degradation in a spectrum caused by an FPI depends on the actual res

olution of the instrument. It is therefore critical to the design process to compare 

an idealized spectrum  and the spectrum resulting from transmission through an FPI. 

Simulation of instrument performance must capture the signal collection processes for 

the instrument and optical train. This requires convolution of a synthetic spectrum 

and the instrum ental profile (which contains the wavelength dependent etendue) ;
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mathematically, the power (P) reaching the detector is given by:

À2
P  =  T'optA^bb /  ^a dX (3.8)

Ax

where T0pt is the net transmission of the optical components, N x is the radiance 

due to blackbody radiation at À æ 5.19 //m, and £\ is the emissivity. Assuming ho

mogeneity along the pathlength, the emissivity from emission for a single constituent 

is:

eA =  1 — e - N^ ‘ (3.9)

where N  is the number density, cr\ is the optical cross section, and I is the pathlength. 

Instrum ent development is focused upon the ability to spectrally resolve a single 

emission feature. However, convenient first tests of the instrum ent can be, and were, 

performed using absorption of blackbody radiation through a column of atmospheric, 

water bearing, air. Since both emission and absorption require fine scale spectral 

resolution, these are equivalent initial tests of the instrument. An example of an 

ideal H20  absorption spectrum in air is shown in Fig. 3.4 along with the resulting 

spectrum after convolution with the instrument profile. Note th a t spectral features 

become less distinguished due to convolution with the instrum ent profile.

Design of an interferometer for nitric oxide measurements in a power plant stack 

environment requires an investigation of the instrument response to a simulated spec

trum  of water and nitric oxide. Synthetic spectra for these species were generated 

using the HITRAN database[7] and convolved with the instrum ent profile (Eqn. 3.8); 

results are shown in Fig. 3.5. The limiting aperture at the detector sets the collection 

angle of the FPI and has a significant impact on the performance of the instrument. It 

is clear from Fig. 3.3 th a t increasing the acceptance angle increases the collected light
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F ig . 3.4. HITRAN[7] simulated water absorption spectrum and spectrum resulting 
from convolution with the instrumental profile of an FPI. Simulation was for 1% water 
in a 4.18 m pathlength at room tem perature, i.e. ambient atmospheric conditions.

and consequently the signal to noise ratio. However, the instrum ental profile broadens 

with increasing collection angle, which limits the instruments ability to identify single 

lines. Alternatively, a small collection angle creates a narrow profile, but the result is 

limited by a lack of signal, again limiting the usefulness of the instrument. Therefore, 

the instrum ent does not perform well due to degraded resolution for large acceptance 

angles, and poor signal levels for small acceptance angles; the actual design must 

strike a balance between these competing effects.

Assuming tha t it is always possible to subtract the background perfectly, (i.e. to 

measure the background directly), the minimum resolvable NO is governed by signal 

since the noise is fixed. More signal translates directly into a smaller detection limit 

for NO. Therefore, when it is possible to measure the background directly, a larger 

acceptance angle generates a smaller detection limit (i.e., collect as much light as 

possible because background subtraction is possible without regard to resolution).
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F ig . 3.5. Comparison of synthetic water and nitric oxide spectra after convolution 
with the instrum ental profile of an FPI for several spectral resolutions.

In a power plant environment, however, it is not possible to “tu rn  off” the NO in 

the stack and measure the background. This implies th a t the background must be 

inferred from the original spectrum; the resolution must be sufficient to accomplish 

the subtraction by estimating the background using signal levels at the edges of the 

emission line. Thus, examination of instrument-convolved spectra can be used to 

determine the required spectral resolution. Fig. 3.5 compares different resolutions for 

an NO measurement with the FPI. At a resolution of 0.25 nm it is relatively easy to 

infer and subtract the background for the NO peak at ~  5.191 /zm. In contrast, at a
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resolution of 1.0 nm the background subtraction becomes much more difficult (note 

th a t the line edges of the signal no longer overlay the background).

The detection limit for a measurement of this kind is determined largely by the 

ability to accurately distinguish signal from the background. Background subtrac

tion is specific to the radiative system of interest and therefore FPI design is also 

specific to each radiative system. Inspection of Fig. 3.5 indicates th a t for NO mea

surements using the feature near 5.191 fim, a resolution of 0.5 nm is required. If 

the line separation for this portion of the spectrum  was greater a larger resolution 

could be tolerated, and since larger resolution directly produces larger signal level, it 

would be used. Thus, each single line measurement must carefully identify a resolu

tion requirement and based on this requirement, choose operating parameters for the 

interferometer (reflectivity, plate spacing, and acceptance angle).

So far the discussion of the interferometer has considered a defect free instru

ment. This is not the case, as several factors can contribute to the broadening of the 

instrum ental profile in a real instrument. W ith a predetermined free spectral range, 

the instrument performance (resolution) is determined by finesse. Reflectivity plays 

an im portant role, and determines the reflectivity finesse defined in Eqn. 3.4 (often 

considered the “ideal” or limiting finesse). Other factors such as substrate misalign

ment, and surface-defects reduce the overall finesse and degrade resolution. The net 

finesse (Fnet) is defined[4] as the sum of all individual finesses in inverse quadrature:

= E  ^r2 (3.io)
i

Misalignment of the interferometer plates is a major contribution to the degra

dation of resolution in an FPI and several approaches to the study of resolution 

degradation due to plate misalignment have been performed. [3, 8, 9, 10] Our ap
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proach has been to model the FPI as many elemental étalons with fractional areas 

th a t sum to the to tal plate area and plate spacings chosen to  discretely represent the 

misalignment of two planar surfaces. Note that each elemental étalon is considered 

to be perfectly aligned; multiple reflections at the maximum angle of incidence was 

insignificant in walking the beam off the elemental étalons. The profiles from the 

different plate separations are numerically added (and weighted by area) to create 

an instrum ental profile th a t includes misalignment effects. Examples of broadened 

instrum ental profiles due to misalignment are shown in Fig. 3.6. These profiles were 

generated using a reflectivity of 90%, an operating order of 500 and a corresponding 

plate spacing of 1297.5 /mi. This figure shows the ever increasing width of the in

strum ental profile as the misalignment between the plates is increased, starting with 

perfect alignment through a misalignment of 200 nm (across a 25.4 mm plate area) 

which corresponds to the profile with the greatest FWHM.

8

7 perfect alignment

6

5

100 nm misalignment4

3

200 nm misalignment2

1

o
5.191 5 .1925 .188 5 .1905.189

wavelength (jam)

F ig . 3.6. Instrum ental profiles of an FPI with plate misalignments ranging from 0
to  200 nm.

The relationship between actual (AAS) and ideal (AAj) resolution is a function
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of the misalignment (5) using the functional form expressed in Eqn. 3.11. This 

functional form relates misalignment to optical path in terms of the non-dimensional 

wavelength (25/A). W hen this param eter is approximately 1.0, one can expect the 

resolution to  be of the same order as the free spectral range (misalignment is so severe 

th a t the plate spacing range spans an entire free spectral range). Investigation of this 

functional form for various interferometers has shown that, for small collection angles, 

the normalized resolution (AAs/AAi) is a function of the ratio of free spectral range 

to ideal resolution and A/25, Eqn. 3.11.

13 n )

where AAs/AAi is the normalized resolution, AAS is the actual instrument resolution, 

AAi is the ideal instrument resolution, 5 is the misalignment distance, AAfsr is the 

free spectral range as defined in Eqn. 3.3, and A is the central wavelength. Eqn. 3.11 

now provides a structure to explore the effect of misalignment on the interferometer 

which can be translated into a specification on the alignment quality. Fig. 3.7 il

lustrates the numerically determined relationship between normalized resolution due 

to misalignment and the non-dimensional misalignment. For very small collection 

angles (such as the 10-5 rad shown in the figure) this curve accurately represents 

interferometer behavior. At larger collection angles (such as 0.0135 rad shown in the 

figure), the result becomes interferometer specific since the normalizing resolution, 

AAi, is the ideal resolution including degradation effects from the collection angle.

Using results in Fig. 3.7 for the larger collection angle (which represents the 

ultim ate design used) to allow a 5% degradation of the ideal resolution from mis

alignment would require the to tal misalignment of the plates to  be 50 nm or less. 

A piezo-electric m otor/capacitance distance sensor control system was employed in
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F ig . 3.7. M isalignm ent effect on instrum ental profiles for tw o collection  angles 
assum ing th e entire area o f the p lates is used (60 m m ).

the prototype system to keep the plates as parallel to one another as possible, and is

discussed in greater detail in the following section.

Imperfections on the surfaces of the interferometer plates can also play a role in 

degrading the resulting resolution, and must be considered when specifying surface 

polish for a substrate to an optics manufacturer. W hen analyzing surface defects,

it can be assumed tha t only one of the plates has surface defects while the other is

perfectly flat, [2] and it is irrelevant whether the substrate surface or the reflective 

coating is the source of the imperfections. Microscopic surface inhomogeneities which 

are randomly distributed across the plate have a root mean square variation which 

is relatively small in comparison to the spacing and size of the plates. The overall 

curvature defects of polishing are more severe than small inhomogeneous defects when 

the plates are polished. Surface finesse ( F g )  is defined for a plate with a defect which 

causes a deviation from flatness across the aperture, such as a slight curvature of the
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surface, as: [2]
M

f s  =  y  (3.12)

where M  is the surface imperfection expressed as a fraction of a wavelength (A/M). 

Using surface finesse, a polishing specification can be quantified for a specific degra

dation of the instrum ental profile. Figure 3.8 illustrates the relationship between 

the polishing specification and the plate reflectivity. This plot is based on the ra

tio of reflectivity finesse to to tal finesse tha t includes surface imperfections (recall 

th a t finesse is determined by inverse quadrature addition). As shown by this figure, 

increased reflectivities require increased surface flatness.
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reflectivity

F ig . 3.8. Polishing specification (A/M) as a function of reflectivity. Higher reflec
tivities (or more stringent degradation requirements) dictate the need for improved 
polishing.

Although Eqn. 3.4 leads one to believe tha t finesse is easily controlled via reflec

tivity, other effects such as collection angle, alignment, and surface flatness limit the 

achievable finesse. The design of an instrument must carefully include these effects.
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As an example, a reflectivity of 95% implies a finesse of 61. However, the instrument 

effects listed above will almost certainly limit the actual finesse, for a planar étalon, 

to a value of approximately 25.

3 .4  F inal D esign

After assessing the results of surface defects, misalignment, collection angle and 

taking into account practical design limitations, a final design for a prototype FPI 

was reached. Specifications of the design are listed in Table 3.1. This design cre

ates the best detection limit possible for nitric oxide (in a background of water) 

while producing reasonable spectral resolution and signal power levels using a grating 

monochromator to eliminate additional transmission orders. Other radiative systems 

and different options for sorting orders of FPI transmission will create different opti

mal designs.

Table 3.1. Specifications of prototype FPI design.
substrate m aterial
diameter
thickness
flatness
reflectivity
ideal resolution (AAi) 
collection angle (#max) 
plate spacing (d) 
free spectral range (AAfsr) 
capacitance sensors 
piezo-electric range 
allowable misalignment

zinc selenide 
75 mm
12.5 mm
A/200 (where A =  5.19 //m)
0.90 @ 5.19 fim
0.4 nm
0.012 rad
1.13 mm
12 nm
20 nm
8 fj,m
50 nm

The substrate m aterial chosen is zinc selenide, as this m aterial is transmissive at 

the wavelength of interest and is common and economical for infrared applications.
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Modeling showed no increase in instrumental profile broadening with a corre

sponding increase in plate diameter. Therefore, it is advantageous to use a plate 

diameter as large as possible (limited by the practicality of polishing large discs and 

noting tha t the order sorting will set the etendue for the system). The overall diam

eter of the plates was specified to 75 mm in order to allow for the addition of three 

gold-coated sapphire disks on each plate which act as capacitance sensors. This size 

is easily manufacturable with a flatness tolerance of A/200 (A — 5.19 fim). Clear 

aperture for the instrument is 60 mm.

As stated in Table 3.1, the substrates are 12.5 mm thick. This dimension was 

chosen not only on the basis of economics and ease of manufacture, but also on the re

quirement of rigidity. Ultimately, one of the plates will be scanned at approximately 1 

kHz. Deflection of the center with respect to the outer edge of the plate will occur due 

to inertia of the substrate itself, and will cause broadening in the instrum ental profile. 

Therefore, it was necessary to decrease the resulting deflection as much as possible 

while maintaining a practical thickness. It was calculated th a t a 75 mm diameter 

substrate of ZnSe, having a thickness of 12.5 mm and a scanning frequency of 1 kHz, 

will deflect approximately 11 to 16 nm from center to edge assuming corresponding 

Poisson ratios of 0.2 and 0.5 for this material. This is considered a negligible amount 

of deflection for the plate. To inhibit the substrates acting as étalons themselves, one 

surface of each was polished at an angle of 10 to 30 arcminutes with respect to the 

other surface for each plate.

Coating reflectivity directly determines the reflectivity finesse and from an order 

sorting perspective, the finesse should be maximized. However, as previously dis

cussed, instrument imperfections can become controlling factors in the actual finesse 

for the instrument. W ith this in mind, a reflectivity value of 90% was chosen so that
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the reflectivity finesse would be dominant in determining performance.

Modeling results illustrated tha t the primary effect of instrum ent resolution was 

the effect on the ability to background subtract. In the absence of this constraint, sig

nal collection considerations imply tha t the wavelength resolution should be increased 

without bound. For the nitric oxide line under study, the solution is to choose 0.6 

nm as the resolution which strikes a balance between creating a signal starved sys

tem  and a system in which spectral features are simply not sharp enough to allow 

background subtraction. Thus the actual instrument was designed with an ideal res

olution of 0.4 nm and a collection angle of 0.012 radians which produces an actual 

resolution of 0.68 nm. The free spectral range is calculated to be approximately 12 

nm and the corresponding plate spacing is 1.13 mm. The smallest observable column 

density for NO using this system is predicted to be approximately 100 ppm-m. In the 

3 m laboratory simulator this corresponds to a detection limit of 30 ppm. In a 12 m 

power plant stack this implies a detection limit of 8.3 ppm, however, this prediction 

does not include black body interference from particulates which make background 

subtraction more difficult.[11])

P late alignment is critical to performance and is monitored with three equally 

spaced (about the circumference) gold-coated sapphire disks which act as capacitance 

sensors. The capacitance sensors were calibrated for relative distance measurements 

using u ltra  high resolution adjustm ent and fitting of the data  to an appropriate func

tional form to within 20 nm. Three piezo-electric crystal stacks, EDO part #  E200P-1, 

were used in the prototype FPI to scan one of the substrates with respect to other. 

Together, the capacitance sensors and piezo-electric motors form a system capable of 

actively controlling the alignment of the substrates (micrometers are used in conjunc

tion with the piezos to provide a coarse adjustm ent). W ith this system parallelism
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can be maintained between the substrates to approximately 50 nm. The piezoelectric 

motors also provide the ability to scan the substrate, which are capable of scanning 

~  8 /mi. The housing for the prototype FPI is constructed of aluminum; the large 

coefficient of therm al expansion is not im portant because of the piezo-electric active 

alignment control. Active alignment control maintains alignment caused by vibration 

or therm al changes, and is a critical component of a stable system for deployment in 

the field.

Other components in the complete optical setup (Fig. 3.9) were a monochro

m ator, bandpass filter, PbSe detector, and various mirrors and CaF2 lenses. The 

monochromator performed the order sorting duties by limiting the transmission of 

the FPI to a single order. The monochromator is an ISA HR640 with a 0.64 m focal 

length, and was used with a 300 groove/mm grating blazed for 4.3 microns. The 

entrance and exits slits were set to create a bandpass of approximately 10 nm, which 

is just less than  the free spectral range of the prototype FPI. The bandpass filter has 

a FWHM of approximately 150 nm centered at 5.16 /tm. The detector is a two-stage, 

thermo-electrically cooled PbSe photoconductor purchased from Cal-Sensors, the re- 

sponsivity and detectivity are 1.3 x 105 V /W  and 5 x 109 cm-Hz1/2W _1, respectively. 

The use of a photoconducting detector dictates the use of a chopper, typical chop

ping frequencies were 1 kHz, with an EG&G lock-in amplifier ( #  7260) for subsequent 

signal processing.

3.5 P ro to ty p e  R esu lts

The experimental setup shown in Fig. 3.9 was used in the laboratory to monitor 

both absorption and emission signals. Each of these measurements requires resolution 

of a line shape in the presence of a background signal in order to determine concen-
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F ig . 3.9. Experimental setup used to test the prototype FPI either with a 
blackbody source or emission furnace.

tration. Absorption is used because of its operational convenience; the atmosphere 

provides a large range of target lines (near the 5.2 /xm wavelength used for NO emis

sion) using ambient water in the atmosphere and the optical path  from a blackbody to 

the interferometer and then detector. Radiant emission measurements from NO are 

the ultim ate goal for the instrument and use of a custom laboratory facility that sim

ulates the post combustion environment in power plant flows was used for calibration 

and development. Results presented here include a measurement of the instrument 

free spectral range as a means of initially evaluating the instrument, absorption mea

surements of atmospheric water as a means of evaluating the instrum ent resolution 

properties, and finally, radiant emission measurements as a method of determining 

the ultim ate utility of the radiant emission concentration measurement method.

The free spectral range of an FPI is an im portant and measurable quantity for 

the FPI. Predicted free spectral range for the assembled instrument is 12 nm as listed 

in Table 3.1. The free spectral range of the prototype FPI was measured by scanning
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the monochromator through the spectral range of the bandpass filter while the FPI 

was held at a  fixed plate spacing. In this way it was possible to view the transmission 

of the prototype FPI as a function of wavelength and thus measure the free spectral 

range. Multiple orders are visible within the transmission function of the bandpass 

filter seen in Fig. 3.10; note tha t the peak transmission levels define the transmission 

function for the bandpass filter. The average free spectral range was determined to 

be 11.43 ±  0.09 nm; which compares well with the predicted free spectral range of 12 

nm. Free spectral range depends on wavelength and plate spacing only (see Eqn. 3.3), 

this implies th a t the actual plate spacing of the prototype instrument was 1.18 mm 

instead of the design specification of 1.22 mm. In light of the FPI utilizing capacitance 

sensors, which can measure relative distance only (albeit with exceptional accuracy), 

this is an acceptable result.

0.8

c
3 0.6

S
-e 0 .4

0.2

0.0

5 .05 5.255.10 5 .15 5.20

wavelength (p,m)

F ig . 3.10. Monochromator scan of the bandpass filter function. Multiple orders of 
the FPI are visible; the average free spectral range is 11.43 nm and compares well 
with the prediction of 12 nm.

The degradation effects of misalignment, surface polish, and aperture, create a
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theoretical resolution prediction of 0.68 nm (see Table 3.1). A synthetic absorption 

spectrum  was created by the convolution methods already discussed using this reso

lution, a pathlength of 4.18 m, and water concentration of 0.0108%. This spectrum is 

compared with experiment ally obtained results using a black body source with atmo

spheric absorption from water for the same conditions in Fig. 3.11. The background 

was directly measured from an adjacent transmission order with no absorption fea

tures present and used as the unattenuated light level for the absorption measurement. 

The agreement between the predicted spectrum and the spectrum  obtained with the 

prototype FPI is excellent, indicating th a t the actual resolution of the prototype is 

very near the predicted value of 0.68 nm. This implies th a t specifications for the 

flatness, reflectivity, and alignment have been met.
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F i g . 3.11. Comparison of predicted and experimentally obtained spectra. The pre
dicted resolution after taking into account surface defects and misalignment degra
dation was 0.68 nm.

Assuming a uniform NO column density of 300 ppm-m and a tem perature of 

600°C for a pressure-broadened profile, the theoretical prediction of power at the
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detector is produced from the convolution of the HITRAN generated spectrum with 

the expected instrument profile. Multiplying by the black-body radiance and the 

predicted optical losses through the system creates the expected power reaching the 

detector face from the line center peak of the NO line at 5.191 /un (see Eqn. 3.13).

^2 0max

Pno = 27TToptA pN x£fo J  J  T \(6 )d d 9 £ \d \  (3.13)
Ai 0

The actual power reaching the detector face due to NO radiance is determined from 

measurements with background signal removed. The system is not optically thin, and 

therefore requires tha t the subtraction be independent of optical depth. The actual

power is calculated from the emissivity for NO via the following equation:

Pno — &Nofbb =  1 —   ~ N X kkAf2monoAÀ (3.14)
1 -  £bkg '

where sno is the emissivity due to nitric oxide, Pbb is blackbody power, esys is the 

system emissivity (i.e. the measured quantity), £bkg is the background emissivity, 

N x ^  is blackbody radiance, A flmono is the monochromator etendue, and AA is the 

spectral bandwidth. Expected and actual signal level as a function of NO column 

density are shown in Fig. 3.12. Note th a t the slope in the predicted and actual signal 

levels is quite similar; this indicates th a t the system sensitivity to NO is as predicted.

The discrepancy between theoretical and experimental power, seen in Fig. 3.12, is 

presumed to be caused by the assumptions tha t lead to the theoretical prediction and 

is typical for radiant power systems where exact measurements on each component 

have not been made. Detector responsivity was estimated at 5.191 /im. In addition, 

optical losses were significant, on the order of 93%, and the monochromator limits the 

available etendue of the FPI (assuming a 25.4 mm plate diameter) by nearly a factor
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F i g . 3.12. Comparison of predicted and experimental power from nitric oxide 
emission at 700°C. Note the similarity of slope indicating sensitivity as predicted.

of 100. These losses under-estimate the available power to the system. Considering 

all of these factors, the level of absolute power agreement is quite good.

FPI modeling indicated a detection limit for nitric oxide to be approximately 100 

ppm-m. For the 3 m laboratory furnace[1] used for much of the testing, this implies 

a detection limit of 30 ppm while for the measurements performed at a local power 

plant exhaust stack, [11] with a pathlength of 12 m, this implies a detection limit of 

8 ppm. However, the detection limit for an actual exhaust stack must include back

ground interference from particulate m atter in the flow. Although the minimum NO 

detectable was not measured, because the resolution is close to the design specifica

tion and signal levels were near predicted levels, the actual detection limit is expected 

to be close to 30 ppm-m.
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3.6 C onclusions

There is a need for non-extractive sensors capable of making close to the burner 

measurements of nitric oxide (and other constituents) in power plant exhaust stacks 

to allow control systems to minimize emissions. A radiative emission sensor based on 

a Fabry-Perot interferometer has been developed th a t provides this capability (which 

could also be applied to other constituents, e.g. H20 , CO, CO2, NH3, etc). The 

periodic nature of the transm itted FPI dictates the use of an order sorting optic; 

initial tests have used a grating monochromator to limit the FPI transmission to a 

single free spectral range. Grating monochromators have poor throughput and create 

a difficult background to subtract, these drawbacks will dictate the use of a different 

order sorting strategy in subsequent instrument designs.

Modeling was done to optimize the FPI for this application. The etendue for 

an FPI system is dependent upon the collection angle and has a significant impact 

on the resolution and throughput of the instrument. A larger collection angle im

proves signal to noise performance but degrades the resulting resolution. The limit 

of detection is set by the ability to perform a background subtraction. Background 

subtraction is specific to each radiative system and hence a new optimization must be 

performed for each constituent of interest. Based on a simple background subtraction 

technique the prototype system is capable of measuring rTOO ppm-m of nitric oxide 

in a 15% H20  background at a tem perature of 800 K. More aggressive background 

subtraction techniques would improve the detection limit by allowing a larger collec

tion angle. Modeling of the degradation effects of surface polish have been presented, 

and maintaining substrate alignment (parallelism) has been shown to be the critical 

tra it of an FPI.

The use of a grating monochromator to remove unwanted additional transmission
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orders from the prototype FPI had a significant impact on the measurement system. 

The grating efficiency and etendue limitation combine to reduce the available power 

by more than  two decades. Replacing the monochromator with one of the options 

previously discussed, will create a smaller and better performing radiative emission 

instrument.

A prototype instrument was built based on modeling results; three piezo-electric 

stacks and capacitance sensors provided both alignment and scan capability. This 

active alignment control system is critical to the success of a field instrument; it 

is capable of maintaining alignment when therm al stresses or vibration are present. 

Initial results from laboratory testing in a custom furnace[l] indicate excellent agree

ment between expected and actual instrument resolution and reasonable agreement 

between predicted and actual signal levels. Although not measured, the minimum 

detectable NO column density for this system was inferred to be 100 ppm-m. Initial 

results from field testing[ll] at a local power plant indicate reasonable agreement 

with current extractive measurements.
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C hapter 4 

FIELD  T E ST  RESULTS

Continuous emissions monitor (CEM) systems are commonly used for monitor

ing nitric oxide in the exhaust stacks of power plants. These systems have the distinct 

disadvantage of requiring gas extraction from the flow. The extraction probe is gen

erally located far downstream from the combustor and requires maintenance. In 

addition, water is a significant interfèrent and a water removal step is often a part 

of CEM systems; this incurs a time constant of tens of seconds for the measurement. 

Although extractive monitors are quite effective for simple monitoring, these disad

vantages make them  ineffective as the primary sensor in an active control system.

A non-extractive concentration monitoring system based on radiative emission that 

circumvents these disadvantages has been developed. This detection system was field 

tested at the Arapahoe power generation station, Unit # 4 , operated by New Century 

Energies (formerly Public Service Company of Colorado). This field measurement 

was done to demonstrate the instrum ent’s ability to optically monitor nitric oxide 

concentration in an actual power plant environment. Results from this test were 

encouraging, the measured NO concentrations in the flow matched those made by a 

downstream extractive CEM.

The radiative emission measurement method relies on radiative emission from 

ro-vibrational transitions th a t are well isolated from emission features of other con

stituents of the flow; its use has been previously demonstrated for multiple transitions. [1] 

A critical aspect of the NO measurement tha t is the subject of this paper is the
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ability to resolve the emission from a single line. In order to achieve the high spec

tra l resolution, a Fabry-Perot interferometer is used as a wavelength selection device 

(development of this device is described in detail in the literature[2]). Fabry-Perot 

interferometers are simply two partially reflective substrates separated by a precise 

distance. If the spacing between the substrates is an integral number of the wave

length of light (at normal incidence), a maximum intensity occurs due to constructive 

interference. If the spacing is such th a t it is not an integral number of the wavelength 

of interest, there will be destructive interference. Moving the plates through a small 

distance therefore produces a wavelength scan which can be engineered to include 

one or more ro-vibrational transitions of interest. To eliminate the transmission of 

multiple orders from the Fabry-Perot interferometer, a monochromator was used as 

an order sorter. A typical optical setup is shown in Fig. 4.1 which illustrates the light

r~  power 
: i :  plant 
I _  stack

chopper

interferometer

PbSe detector

F i g . 4.1. Experimental layout for the Fabry-Perot interferometer based instrument.

path  through the monochromator, the Fabry-Perot interferometer, and finally signal 

collection on a thermoelectrically-cooled, PbSe detector. The critical properties of
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the custom-made Fabry-Perot interferometer are a free spectral range of 11.43 nm, a 

resolution of 0.68 nm and a collection angle of 0.012 rad.

To aid in the development of this instrument a stack simulator was built which 

is a propane-driven 3 m long quartz tube, surrounded by heaters; this system pro

vides the ability to simulate the long pathlenths and high tem peratures of a power 

plant stack. A full description may be found in the literature. [3] Calibrations for the 

instrument were acquired for a range of tem peratures and concentrations for NO; 

NO radiative emission measurements were compared with concentration values de

termined using sample extraction and FTIR  analysis. [3] Typical calibration results 

from these experiments are shown in Fig. 4.2. Included in this figure is a theoretical 

prediction for the integral of emissivity as a function of column density and calibra

tion data  points measured with the prototype instrum ent and a Fourier Transform 

InfraRed spectrometer (FTIR). Note the exceptional agreement between theoretical 

and calculated values.

Ë
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F ig . 4.2. Field test results along with the laboratory calibration for the NO
measurement system.
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The radiance (N \)  for the radiating stack flow is given by:

N x =  eN Kbb =  ( l  -  N x,bb (4.1)

where N x^b is the radiance due to black body emission, e is the emissivity, Ni is the 

number density, <7* is the cross section, I is the pathlength, and i represents any single 

constituent in the flow. W ithin Eqn. 4.1, the exponential term  containing the product 

of number density and cross section is w ritten as a series summation to represent the 

various constituents of the flow. This form is necessary since many species will be 

present in the combustor exhaust and all constituents can, in principle, contribute to 

the measurable signal. For molecules, the optical cross section is a highly structured 

function of wavelength and “simple” measurements of concentration for a particular 

constituent require a spectroscopic feature to be partially isolated from those of other 

constituents of the flow. W hen this occurs, Eqn. 4.1 simplifies to an expression 

dependent upon a single cross section and number density. In many instances, a 

completely isolated spectral feature simply will not be available. This is especially true 

in the 4.4 to 7 yam region which is dominated by the ro-vibrational water features. In 

addition, the long path  lengths and high water concentrations associated with power 

plant flows produce wide spectral lines. Referring to Fig. 4.3, the nitric oxide line used 

for the measurement in this work is located on the wing of a water line. In addition to 

water as an interfèrent, coal fired power plants also contain substantial quantities of 

particulate (soot and /o r ash) tha t will also produce an interference signal. This type 

of interference has plagued laser-based absorption measurements as well, resulting 

in an approximate factor of four increase in detection threshold. [4] In many cases, 

the path  length across a power plant will be large enough th a t the emissivity at line 

center will approach one. This implies a decreased sensitivity to concentration for
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F ig . 4.3. Expected spectrum, monochromator profile, and Fabry-Perot transmission
profile.

a line-center type of measurement. However, an integral of the emission line can be 

used to extend the dynamic range of the measurement; integral methods have the 

added advantages of measuring line strength which is independent of line broadening 

and being more immune to noise. [5] Thus, the data  reduction for the measurements 

in this paper used the integral of an NO emission line as the measurable quantity.

To determine the emissivity for the measured emission lines the tem perature 

must be known. The absolute radiance from the system at a spectral location where 

the emissivity is known to be one (conveniently provided by long pathlengths and 

high water concentrations), is used as a measure of the tem perature. The tempera

ture measurement is easily performed by moving the monochromator wavelength so 

th a t the emissivity for the sampled spectral region equals one (note tha t one must also 

choose a region where ambient atmospheric water does not absorb significantly). Note 

tha t system calibration is done by monitoring the radiance from a calibrated black- 

body at several tem peratures. The radiometric tem perature for the measurement
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location in the boiler is between 600 and 700°C. Confirming tests using a thermo

couple indicated the flow tem perature was 600°C approximately 1 m from the stack 

wall.

The environment in which this prototype instrument was tested is a drastic 

change from the laboratory in which it was developed. The power plant stack is a 

hot, vibrating, acoustically and electrically noisy environment. In order to perform 

this test, significant repackaging of the prototype instrument was done. Optical com

ponents were mounted on a 3x4  ft optical breadboard which was held in a vertical 

orientation so tha t the instrument would have access to  an optical port in a modified 

boiler door, Fig. 4.4. W ith a calcium fluoride window for optical access, the in

strum ent was set to collect radiation across the boiler between heat exchanger tubes. 

The entire instrument was covered with plate aluminum to provide electrical shielding 

and resistance to the elements (Fig. 4.4 shows the location for the instrument after 

it has been installed at the power plant). A periscope assembly was used to steer the 

collected radiation into the instrument.

Final results are shown in Fig. 4.2[6] which includes the theoretical prediction for 

the integrated emissivity, actual calibration data, and a comparison of the radiative 

measurement to the CEM derived value. Background subtraction was exceptionally 

im portant and was applied by using points on the extreme edges of the nitric oxide 

line as endpoints and assuming a linear relation between these points. One of those 

points was in the center of spectral scan and was easily chosen; however the second 

background point was on the scan edge and required more care in its definition. In the 

spirit of consistency, the edge of a small water line was used, not visible in the scan but 

predictable using the HITRAN database,[7] as the second tiepoint for the background. 

The order for da ta  processing was to form emissivity from the ratio of the observed
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F i g . 4.4. Photograph of instrument and equipment at field test site. Note the 
periscope assembly near the boiler door.

signal to the blackbody signal and similarly form the emissivity for the background. 

Using these values and the relationships reported in the literature[5], the integral of 

emissivity for NO alone is calculated based upon the to tal and background signals. 

Error bars on the data  points in the figure are based on our estimate of the noise in 

the signal and background for the vertical axis and on the quantitative statement of 

error in nitric oxide concentration provided by the FTIR  system. Included along with 

the calibration data  for this system is the data  point from the field test. The integral
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of emissivity was calculated as previously described [6] and this value is noted on the 

figure. The NO column density was determined using results from the CEM at the 

site multiplied by pathlength across the boiler and sits well within the expected error 

levels for the measurement.
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C hapter 5 

F IB E R -B A S E D  SE N SO R

5.1 In trod uction

As a combustion cycle, scramjets are particularly in need of combustion control; 

this is due to the developmental nature of the cycle, the need to operate over a 

wide range of flight conditions, and the necessity of minimizing system length and 

weight. Unfortunately, the scramjet is particularly difficult from the perspective 

th a t th rust production requires very efficient conversion of the fuel to combustion 

products. Unburned or partially burned fuel represents an unrealized heat release. 

Since net thrust is the difference between drag and exit plane thrust, unrealized 

heat release can severely degrade system performance. Thus, a sensor, or sensor set, 

th a t is capable of monitoring exit plane conditions could be used to optimize fuel 

conversion within the engine and therefore monitor the "combustion efficiency” that 

is so im portant to scramjet operation. Potential adjustm ents within the cycle are the 

overall system stoichiometry and the fractional flowrates to the different injection sites 

within the engine. The radiant emission sensor described is capable of monitoring 

combustion efficiency (via measurement of a range of parameters) within the scramjet; 

the measurement system is simple enough th a t it can be integrated into a range of 

different hardware packages and data  rates of 100 kHz or higher are possible.

Hydrocarbon fueled scramjets have an added complexity in th a t there are two 

primary combustion products, H20  and CO2, with CO2 production typically much
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slower than  HgO production. This means th a t the engine must be designed or oper

ated in a manner th a t easily converts the fuel to products. Combustion efficiency is 

commonly used to quantify scramjet engine performance [1]; an energy based combus

tion efficiency is particularly useful when examining hydrocarbon fueled scramjets and 

the conversion of fuel to products. For ethylene combustion, if the carbon is converted 

to CO rather than CO2, a combustion efficiency of 57% is realized (based simply on 

the enthalpy of formation of the various species in the system). The importance of 

full conversion of carbon to CO2 is therefore quite clear. This can be difficult for 

scramjets since the CO to CO2 conversion reaction is significantly slower than the 

conversion to H2O [2] and since a scramjet can operate as a mixing limited system 

with fuel rich burning zones. Thus, both kinetics and mixing combine to produce a 

system th a t is predisposed to produce CO. From a sensor and control perspective, 

this means th a t CO must be either directly or indirectly measured. A final measure 

of scramjet performance is exit plane tem perature; ultim ately the tem perature is an 

indirect measure of how effectively heat release has been converted to exit velocity 

and therefore th rust potential. Thus an ideal exit plane measurement system would 

monitor CO, CO2, H20 , and tem perature. The infrared radiative emission based 

monitoring system described in the following sections was designed to do this. Re

sults for tem perature, CO2 and H20  are reported (the CO measurement is still under 

development).

This technology could be applied to any high tem perature flow, for example, 

it could be used to monitor products of combustion in a power plant exhaust stack. 

Initial testing for the prototype system has been done on an industrial diffusion burner 

with a m ethane/oxygen/nitrogen mixture. This burner was chosen specifically for its 

flame instability to emphasize the tem poral capabilities of the prototype instrument.
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Initial results are presented for CO2, HgO and tem perature for a variety of flame 

conditions.

5.2 S ystem  O verview

Just as absorption forms the basis for a concentration measurement, emission 

can also be used to determine concentration and its use has been previously demon

strated [3]. This concentration determination is based on Kirchoff’s law (emission and 

absorption are equal for a system in thermodynamic equilibrium, and underscores the 

importance of measuring equilibrium constituents) and an expression for the emissiv

ity of a radiating gas along a line of sight [4]. Equation 5.1 illustrates this relationship 

for the radiance from the system and relates concentration, cross section and path 

length to radiative emission, where Beer’s law can be used to derive the expression 

for emissivity assuming a constant tem perature, and homogenous medium:

e (A) =  1 -  e~ Niail (5.1)

where N  is the number density, a  is the wavelength-dependent optical cross-section, 

i represents the flow constituents and I is the pathlength. The number density and 

pathlenth are commonly grouped together as a column density. Thus, the underlying 

requirement for a measurement of this kind is to identify a spectral region where 

high-temperature emission features reside while considering ambient atmospheric ab

sorption effects.

For molecules, the optical cross section is a highly structured function of wave

length and “simple” measurements of concentration for a particular constituent re

quire a spectroscopic feature to be well isolated from those of other constituents of 

the flow. W hen this occurs, Equation 5.1 simplifies to an expression dependent upon
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a single cross section, and number density. An example of this type of measurement 

has been demonstrated using a custom Fabry-Perot interferometer [5, 6]. Results for 

this work include a field measurement at a power plant [7].

In addition to the difficulty of finding an isolated spectroscopic transition, scram

jet control systems require the measurement package to be simple and robust (this 

is also desirable for power plant systems). Although this is not currently possible for 

single line measurements (the required experimental hardware is simply not suited 

for flight), multiple line measurements are quite feasible and the hardware for these 

measurements is exceptionally simple. Measurements of water and nitric oxide in 

scramjet flows have been previously demonstrated with multiple line emission [3, 8].

5.3 S ystem  D esign

The approach taken in the design of this instrument has been to collect light from 

a high-temperature flow with a fiber optic bundle; signal intensity is then used to 

determine gas column densities and tem perature. The measurement system consists 

of four detector packages connected to individual fibers (from the bundle of four 

fibers) each with its own bandpass filter tailored to  measure either CO, CO2, H20  or 

tem perature.

5.3.1 H ardw are

Recent developments in optical fiber technology have produced optical fibers (ZrF 

based) th a t are capable of transm itting IR radiation in the 2 to 5 /im range required 

for this measurement system. The use of optical fibers allows the necessary detectors 

and electronics to be located in a convenient location away from high tem perature 

flows (rather than in a scramjet engine compartment or power plant exhaust stack).
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The optical fibers (Infrared Fiber Systems) have a typical spectral loss of 1 to 2 dB /m  

over the wavelength range from 1 to 5 //ms, and the fiber bundle used was 1 m in 

length. Core sizes of 320 and 500 //m are used; the large core sizes are necessary to 

achieve the required signals (collected radiation is determined by etendue, the product 

of area and collection angle). More signal could be collected by either increasing the 

core size or using multiple fibers per detector. The fibers are clad with glass and are 

extraordinarily brittle. The fibers are installed in a custom assembly with all four 

fibers term inating in a single SMA connector on one end and term inating in individual 

SMA connectors on the other end, Figure 5.1. The fibers were fitted with a protective 

sheath and polished by FiberOptic Systems. The use of fiber optics has the added 

advantage th a t the required optical access is quite small; one can envision the fibers 

mounted in a plug th a t mounts to a tapped hole (spark plug size or smaller).

sapphire window

emission system 
collection volumescramjet

flow

sapphire lens

detector and filter 
packages X infrared fiber 

optic bundle

F ig . 5.1. Schematic diagram of the system. Note the field of view for the system is 
specifically controlled to exit through the opposing window.

Figure 5.1 illustrates an im portant feature of any radiant emission measurement 

system; background radiation control. The detection system will sense radiant emis

sion from the opposing wall just as it senses the emission from the hot gases in the
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scramjet flow. This will be gray body emission characterized by a slowly varying 

spectral emissivity and the blackbody function for the wall tem perature. Clearly this 

background could be measured and subtracted out. However, a preferable method 

is to minimize the background. Background minimization requires control of either 

surface emissivity, surface tem perature, or both. Surface emissivity can be minimized 

by simply using a transparent material at the appropriate wall section; sapphire is 

the m aterial of choice here since it is transparent at wavelengths up to 5.0 ^m  and 

has structural properties similar to steel. Surface tem perature control is a m atter of 

adding local cooling to the system. Each of these techniques underscores the necessity 

of confining the collection volume to a small region; this dictates the use of a lens at 

the fiber optic entry to the combustor (again the m aterial of choice is sapphire).

Detector to fiber coupling uses a single element sapphire lens with an approximate 

focal length of 7.34 mm (a magnification of 1.5 was used); optical modeling for this 

system shows th a t the entire emission from the fiber will be captured by the lens 

and imaged on the detector (including the effects of spherical aberration). The fiber 

optic coupling system was designed to include a holder for the infrared band pass 

filters as well as including x-y-z adjustm ent for producing optimum fiber to detector 

coupling. The fluoride fiber bundle contains two 320 yum core fibers and two 500 /xm 

core fibers. One end of the bundle includes all four fibers (as designed for coincident 

measurements) while the other fiber ends use a single fiber. The fluoride fiber is 

transmissive from approximately 2 to  5 //ms and has a numerical aperture of 0.22. 

The radiant emission collection system, for the initial demonstration, used a single 

element OaE^ lens with a focal length of approximately 38 mm during initial testing 

with a methane burner. Total conjugate length for the system was approximately 

270 mm (thus, magnification was approximately 5) and the “in-focus” position for
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the fiber was placed at the near edge of the burner. A purge path  for the collection 

system was crudely implemented with a 3 cm diameter glass tube placed between the 

lens and the burner (using a KBr end window). A light nitrogen flow was introduced 

to this purge tube at the lens to minimize absorption due to ambient atmospheric 

water and carbon dioxide. Note that even though the collection system used a classical 

imaging lens, signals acquired are for a line of sight across the flame zone (emitted 

energy from the out of focus axial positions is collected just as energy from the in 

focus position). Signals were acquired for a specific flame operating condition for each 

of the filters used.

sapphire lens
X fluoride

fibers

electronics

F ig . 5.2. Fiber system package.

Figure 5.2 is a picture of the measurement system components used for initial 

testing. Detectors for the four wavelengths were chosen to be single- and double-stage 

thermo-electrically cooled PbSe with a minimum detectivity of 5 x 109 cm H z ^ /W  

which is easily achievable. The double-stage detectors were paired with larger 500 

//m fiber core sizes for improved sensitivity, the detector and fiber configurations are 

tabulated in Table 5.1. Cooling is not required at the shorter wavelengths but the
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single-stage package provides an exceptionally simple means of stabilizing detector 

tem perature which is required for consistent responsivity. Time constants for these 

detectors are typically 10 fis or less, so high speed acquisition is possible (data rates in 

the 100 kHz range or better). The detectors are photoconductive so tha t determining 

a zero signal level requires chopping (chopper was operated at 500 Hz during initial 

testing). D ata acquisition was slaved to the chopper with a delay system used to 

acquire da ta  a t the extreme points in the signal output (thus producing two data 

points per chop cycle, the signal is the difference between the two points). The 

amplifiers for each PbSe detector were designed and fabricated at the Colorado School 

of Mines and use a gain of 25; the large detector resistance of PbSe dictates the use 

of instrum entation amplifiers with low input bias current. A two pole high pass filter 

with a break frequency of 150 Hz, and a two pole Butterworth, low pass filter with a 

break frequency of 2500 Hz were included in the design of each detector package.

Table 5.1. Configuration of filters, fiber core diameters and detectors. The larger 
fiber cores were paired with the two-stage thermo-electrically cooled detectors for the 
measurements requiring improved sensitivity.

filter fiber core detector cooling
( y u m ) (fim)
2.476 320 single-stage
2.719 500 double-stage
4.384 320 single-stage
4.588 500 double-stage

5.3.2 W avelength  Selection

Filters used for the experiments were chosen based on spectroscopic modeling 

of the post combustion flame gases. Criteria were a wavelength tha t was dominated
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by a single component (i.e. tem perature or column density for one of the gases 

of interest), absence of atmospheric absorption (due to H2O and CO2), and filter 

availability. Table 5.2 lists filters chosen for investigation along with their dominant 

and secondary sensitivities in terms of flow constituents. As shown in this table, 

two background measurement filters were included in addition to the filters used to 

monitor specific exhaust constituents.

Table 5.2. Param eters tha t determine radiance for the filters used. The band model 
for CO relies on all four measurement parameters and is not yet complete.

wavelength
( / i m )

bandwidth 
FWHM (nm)

dominant secondary

2.192 47 background
2.476 53 H2O column density tem perature
2.719 103 CO2 column density tem perature, H20  column density
3.815 63 background
4.384 51 tem perature CO2 column density
4.588 48 CO column density tem perature, H20  and CO2

Spectroscopic modeling of the of the post combustion flame used the HITEMP 

database [9] with expected concentrations for the constituents, tem perature and path- 

lengh. This synthetic spectrum  was then convolved with a triangular function char

acterized by a halfwidth (FWHM) equal to 30 nm in order to estimate a collected 

radiative signal. The resulting spectrum, Figure 5.3, shows the possible spectral lo

cations for the measurement of CO, CO2, H20  and tem perature. Also included in 

this figure is the signal from a hot wall in the system (note th a t this signal is smaller 

than  the spectral features of interest). Figure 5.4 illustrates pertinent spectroscopic 

information for each of the filters not used for background measurement. Each filter 

is shown for both transmission through the atmosphere and emissivity from the high 

tem perature flow. An ideal filter would show no interference from the atmosphere
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while allowing emission from the target molecules. As shown, the chosen filters do 

accomplish this goal. However, one must note th a t the atmospheric absorption must 

be carefully monitored; this is the motivation for the dry air, purged path in the 

demonstration experiments. Note tha t black body radiative emission from the walls 

will also be collected. This background interference may be eliminated by altering 

the wall emissivity or tem perature, or it may be subtracted out using a synchronous 

background measurement.

800
 blackbody at flow tem p
 opposing wall blackbody

C O  radiance
 0 O 2 radiance

H20  radiance

700
«
E 600

O 500  

E  400

300

200

100

1.5 2.0 2 .5 3.0 3.5 4.0 5 .04 .5

wavelength (urn)

F ig . 5.3. Wavelength regions for measurement of CO, CO2, and H2O with a flow tem
perature of 2000K and pathlength of 7 in. Temperature measurement uses blackbody 
radiation from optically thick CO2. Wall radiance at 900K is also included.

5.4 B and E m ission  M odel

As previously described, specific emission wavelength regions are chosen based 

upon:

•  dominance in the pass band by radiance from a param eter of interest (e.g. 

tem perature or column density of constituent),
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100 100
  CO

CO, 
  HO
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0.6 .<2 0.6
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c  0.6

(a) Filter with center wavelength at 2.476 //m 
to measure H2 O radiant emission. Note the 
fortuitous location of the emission lines that 
makes it possible to avoid atmospheric absorp
tion.

(b) Filter with center wavelength at 2.719 /mi 
to measure CO2  and H2 O radiant emission. 
The unfortunate location of ambient absorp
tion features dictates the need to purge.
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(c) Filter with center wavelength at 4.388 /mi 
to measure optically thick CO2  radiant emis
sion and determine temperature. Due to the 
small diameter of the burner used for initial 
testing (small pathlength), this region was not 
completely thick.

(d) Filter with center wavelength at 4.594 yum 
to measure CO, CO2  and HgO radiant emis
sion. The difficulty in measuring CO because 
of a complicated background spectrum is clear.

F ig . 5.4. Filter profiles and HITRAN simulations for flame emission at 1500 K and 
absorption at ambient atmospheric conditions.
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• absence of absorption interference from the atmosphere, and

• filter availability.

The ideal system would use a single wavelength-specific radiance to monitor each 

quantity with no interference either from the atmosphere or from other radiating 

constituents in the how. Unfortunately, the spectra for water, carbon dioxide, and 

carbon monoxide are sufficiently overlapped that Ending narrow wavelength regions 

tha t meet the above criteria is not possible. D ata reduction therefore requires a model 

for radiance from the parameters of interest (H2O, CO2, and tem perature) that can 

account for signal interactions. Table 5.2 lists the wavelengths used and parameters 

tha t determine the radiance for each of these wavelengths. As shown by this table, 

the radiance at each wavelength is dependent upon at least two and in one case 

three parameters. From an algebraic perspective, the system is perfectly determined 

with three unknowns and three measurements (recall th a t the CO signal, 4.594 /un, 

was acquired but has not been interpreted). However, the relationships between 

observed radiance and how held parameters must be developed and once developed 

are not simple algebraic expressions. Therefore, the development of the models for 

radiance must be done in a way tha t allows numerical solution for tem perature, H20  

column density, and CO2 column density given radiance at the three measurement 

wavelengths.

As shown by Equation 5.1, the emissivity for a gas is a function of column 

density, and wavelength dependent optical cross section; radiance from the system 

is simply the product of gas column emissivity and blackbody radiance. Equation

5.2 shows this relationship and includes conversion of this radiance to a detection 

signal. Note th a t the hlter is assumed to be sufficiently narrow tha t the variation of 

the blackbody radiance and detector responsivity with wavelength can be ignored.
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Although this equation is sufficient for data  reduction, it is convenient, from the 

perspective of producing integrated emissivities across the filter th a t range from 0 

to 1.0, to multiply and divide the equation by the integral of the filter transmission

net emissivity as given by Equation 5.5. The detected signal can be used to produce 

the net radiance through the filter which is a product of net emissivity and the black 

body radiance. Net emissivity is a function of tem perature and the column densities 

of the em itting gases while the blackbody radiance is a function of tem perature only. 

D ata reduction therefore requires a model tha t relates net emissivity for a particular 

filter to the tem perature and column densities of the flow field.

function as shown in Equation 5.3. This equation then consists of three overall terms: 

the system calibration as given by Equation 5.4, the black body radiance, and the

‘S'aa (G R \ .AfDf) TgygA,A I Tf£\dX (5.2)

S ax  =  (GR\AfClf)

Xi
r a2

Xi 1 /  TfE^dX
(5.3)

K \  = ( G P ^ A iü f )  Taya J  Tfd\ (5.4)
Ai

fAa
/  Tf£xd\  

_  Ai 
£ Ac ,n e t — (5.5)
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where:
S ax - signal from the detection system and associated electronics

G - system gain

Rx - detector responsivity

Af - fiber area

rZf - fiber collection solid angle

h,x - blackbody radiant intensity

Tf - filter transm ittance

Tsys - system transm ittance excluding the filter transm ittance

£x - emissivity of the gas column as defined by Equation 5.1

X - wavelength

K x - calibration constant for wavelength A

^ Ac,net - net emissivity for the filter with central wavelength Ac

Ac - center wavelength for a filter

Net emissivity for a particular filter is due to the contributions from many lines 

and, within the filter band pass, includes regions of very high emissivity (at line 

center), regions of low emissivity (on the wings of a particular line) and regions of 

near zero emissivity (regions between radiating lines). Thus, a net emissivity for 

a filter can be relatively low (i.e. a few percent) but still include local wavelength 

regions th a t are optically thick. Figure 5.5 illustrates this effect and shows the optical 

cross sections for water and carbon dioxide along with a filter transmission curve. This 

figure was generated using the HITEM P database [9] using an air-broadening pressure 

(a Voight line profile was used) of 5 atm . The elevated pressure was used to properly 

account for the substantially increased broadening by water compared to tha t by air

[9] because the exhaust flow is approximately 40% H2O.
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F ig . 5.5. Optical cross sections for water, carbon dioxide, and a filter transmission 
function. Temperature for the system was 1500 K.

High resolution examination of the spectral behavior in conjunction with ex

pected column densities for water of approximately 1019 molecule/cm2 shows that 

emission transm itted through this filter will include both optically thick and thin 

behavior. This is a significant complication because it means th a t the emissivities 

from the gases in the system will not be simply additive (this was verified computa

tionally). Note th a t for optically th in  systems, the exponential in Equation 5.1 can 

be replaced by the first two terms of the exponential series resulting in a emissiv

ity simply being equal to the integral of the product of column density and optical 

cross section. Thus, the model for the net emissivity for the 2.719 yum filter must be 

produced for combinations of water and carbon dioxide column densities.

Construction of net emissivity models for the three filters proceeded by defin

ing the controlling variables (column densities of radiating species and tem perature), 

integrating HITEM P results with filter transm itivity to produce predictions of these 

emissivities, and then fitting emissivity behavior to simple algebraic equations. In

tegration of the product of HITEM P spectral emissivity and filter transmission is
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performed at high resolution by dividing the wavelength region for the filter into 

13,500 elements with an emissivity evaluated for each element. This resolution level 

insures tha t the very detailed spectral behavior for the radiating gas is properly cap

tured. A typical result is shown in Figure 5.6 for the net emissivity as a function of 

H20  column density for the 2.476 fim  filter. Using the results shown in this figure, 

net emissivity as a function of H20  column density is fit to a second order polynomial 

at each of the seven tem peratures investigated (1250 to 2750 K in 250 K increments). 

Coefficients for these fits were then fit to a fourth order polynomial in temperature. 

Thus, using these parameters, tem perature can be used to calculate the parameters 

for a second order polynomial representing net emissivity as a function of column 

density. Once the tem perature specific parameters are calculated, the net emissivity 

given the H20  column density can be produced.

0 .07

1250K
2000K
2750K

0.06

0 .05

•f
|  0 .04

0.031
0.02

0.01

0.00

0.0

H20  column density

F ig . 5.6. Calculated net emissivity for the 2.476 micron filter.

Production of the net emissivity function for the 4.388 /im filter proceeds in 

a similar fashion. However, as shown in Figure 5.7, the net emissivity spans the
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F ig . 5.7. Calculated net emissivity for the 4.388 micron filter.

optically thin to thick regime. Equation 5.6 is used to transform net emissivity into 

the optical depth which has a behavior tha t can easily be represented as a second 

order polynomial in CO2 column density. As with the results for the 2.476 /un filter, 

these coefficients are fit to a fourth order polynomial in tem perature.

a  =  In (1 -  enet) (5.6)

Finally, the net emissivity model for the 2.719 /un filter must be constructed 

to reflect the dependence upon tem perature and column densities of both H20  and 

CO2. Since the flame to be studied is methane fueled and since conversion to C 0 2 

typically is slower than conversion to water, the model is constructed using a second 

order polynomial to represent emissivity as a function of H20  column density. These 

coefficients were then represented as a third order polynomial in tem perature. Carbon 

dioxide was included in the model as a fraction of the water column density and six 

models, as described above, were produced. These models were for fractional C 0 2

A' TAA? UAŒS USHARY 
C  'W : ,,C%yOL ÜF MINES
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levels of 0.0 to 0.5 in increments of 0.1 (i.e. COg concentration normalized by HgO 

concentration). To find the net emissivity for the 2.719 /xm filter, one must therefore 

know the tem perature, the column density of water and finally, the column density 

of carbon dioxide (represented as a fraction of the HgO column density). Typically, 

the fractional column density for COg is not exactly equal to th a t used for one of the 

six models and interpolation between models is used.

5.5 D a ta  R ed u ction

Conversion of signal voltages into the indicated line-of-sight tem perature and 

column densities for water and carbon dioxide proceeds in two steps. First, the raw 

voltages are converted into system radiances. This process simply uses the calibra

tion factor defined in Equation 5.4 to produce the radiance which is a product of 

net emissivity and black body radiant intensity. The calibration factor for each of 

the detector/ filter/fiber combinations was determined using a calibrated black body 

which produces a radiance of known value (since the emissivity is equal to 1.0 for the 

entire spectrum ). Atmospheric absorption effects were minimized by placing the re

ceiving end of the fiber as close to the blackbody cavity opening as possible (less than 

3 cm). Calibrations used to reduce the flame data  were adjusted to  reflect differences 

in system optics, i.e. the inclusion of a KBr window and a CaFg lens (each modeled 

as losing 4% per interface).

System radiance, which is the product of the black body intensity and net emis

sivity for a specific filter, is then used, via an iterative solution procedure, to produce 

tem perature and column densities. Recall blackbody radiant intensity is a function 

of tem perature only and net emissivity is a function of both tem perature and sys

tem  column densities. Conversion to tem peratures and column densities proceeds as
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follows.

1. S tart with a guess at the line-of-sight tem perature for the gas (a good start

ing point is 2200 K). Using this tem perature calculate the blackbody radiant 

intensity at 4.388 //ms and use this to determine net emissivity. Using the net 

emissivity, iteratively solve (using a standard bisection solver) for the column 

density of CO2.

2. Use the radiance at 2.476 //ms and the previous tem perature to produce net 

emissivity. Iteratively solve for the H20  column density.

3. Use the signal at 2.719 //ms with the tem perature and column density of H20  

to find a new C 0 2 column density.

4. Note the difference between C 0 2 column densities and produce a new C 0 2 

column density which is the average of the two previous column densities.

5. Use the 4.388 //m signal and the new column density of C 0 2 to find a new 

tem perature.

6. Check for convergence by noting differences in C 0 2 column density (from step 

4) and differences in tem perature (from step 5). Convergence is when C 0 2 

column density is stable to 1015 molecules/cm2 and tem perature is stable within 

2 degrees. If the system has not converged, start the process with current values 

at step 2.

5.6 R esu lts

Synchronous acquisition of signals and carefully chosen bandpass filters allowed 

the determination of time dependent tem perature and column densities (C 0 2 and
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HgO). All results are for a position 100 mm above the burner. Flow conditions for the 5 

flames examined are listed in Table 5.3. Tables 5.4 through 5.6 list expected and signal 

averaged results for tem perature, H20  column density, and C 0 2 column densities. 

Expected results were calculated assuming adiabatic, equilibrium conditions; each 

table also includes the r.m.s. deviation from the mean as a measure of the size of 

the fluctuations th a t are clearly present in the signals. Tables 5.5 and 5.6 list column 

densities and include both an adiabatic equilibrium prediction of average column 

density (using a 6 cm path  length for the line-of-sight distance across the burner) and 

an equilibrium-calculated column density using the average tem perature from Table 

5.4. These tables therefore include average values which can be used as a first step 

in evaluating if the results are “reasonable” .

Figures 5.8 through 5.12 show the time resolved tem perature in the flame and 

column densities for water and carbon dioxide; note th a t these figures are all plotted 

on the same scale to facilitate comparisons. The results were acquired at a chopping 

frequency of 500 Hz; thus point-to-point time spacing is 2 msec.

Table 5.3. Summary of flame conditions for a methane diffusion flame.

conditions figure
number

total flow 
(slpm)

n 2/ 0 2
ratio

stoichiometric 5.8 36 0.92 1.03
rich 5.9 40 1.50 1.03
lean 5.10 32 0.42 1.03

slightly lean 5.11 35 0.83 1.03
increased N2 5.12 58 0.83 2.64

Figure 5.8 is for a near stoichiometric flame with nearly equal nitrogen and oxy

gen flows. Mean tem perature is approximately 2200 K with oscillations producing 

a deviation from the mean of 95 K. The tem perature and column density measure-
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Table 5.4. Summary of tem perature and frequency results for a methane diffusion 
flame at a height of 100 mm from the surface.

tem perature (K)
figure adiabatic measured r.m.s. value frequency

number prediction mean about the mean (Hz)
5.8 2861 2199 95 14
5.9 2849 2170 108 12

5.10 2330 1855 238 19
5.11 2824 2160 86 14
5.12 2440 2010 141 24

Table 5.5. Summary of H20  column density results for a methane diffusion flame at
a height of 100 mm from the surface.

H2O column density (molecules/'cm2)
figure adiabatic mean tem perature measured r.m.s. value

number prediction adjusted prediction mean about the mean
5.8 4 .2 x l0 18 7.2 xlO 18 8 .4 x l0 18 1.3 xlO 18
5.9 4 .3 x l0 18 6.6 xlO 18 1 .2 x l0 19 l.S x lO 18
5.10 3 .4 x l0 18 4 .4 x l0 18 2.9x 1018 8 .2 x l0 17
5.11 4 .1 x l0 18 6 .6 x l0 18 7.9x 1018 1 .4 x l0 18
5.12 3.5x 101S 4 .4 x l0 18 5 .8 x l0 18 7 .9 x l0 17

ments show a structured frequency behavior with a primary frequency of 14 Hz and 

a secondary frequency of 10 Hz. W ater column densities vary by a factor of two while 

CO2 column densities vary by a factor of more than  ten. Presumably this is due to 

variation in the conversion of CO to C 0 2; verification of this trend will require data 

reduction for the CO measurement. Average results as listed in Tables 5.4 through 5.6 

indicate quite reasonable results; the large difference in measured and adiabatic tem

peratures is expected due to large energy loss due to both radiation and conduction to 

the burner face. The average tem perature predicted value for the H20  column density 

is within 15% of the measured average; considering th a t the path  length across the 

hot gas flow is assumed to be tha t for the burner face, this agreement is quite good.
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Table 5.6. Summary of CO2 column density results for a methane diffusion flame at
a height of 100 mm from the surface.

CO2 column density (molecules/ cm^j
figure adiabatic mean tem perature measured r.m.s. value

number prediction adjusted prediction mean about the mean
5.8 1.4xl0i* 3 .5 x l0 18 2 .3 x l0 18 1 .6 x l0 18
5.9 7.8x1017 1.4 xlO 18 1 .2 x l0 18 2.1 xlO 17

5.10 1.7xl0i* 2 .2 x l0 18 9 .5 x l0 17 6 .3 x l0 17
5.11 1.6x101* 3 .4 x l0 18 2 .4 x l0 18 1 .5 x l0 18
5.12 1.6xl0i* 2 .2 x l0 18 1 .4 x l0 18 8 .2 x l0 17

Comparison of the CO2 column density values is not as favorable but, as discussed in 

the Measurement Error Analysis section, the CO2 measurement is significantly more 

error prone than  the H20  measurement.

Figure 5.9 shows results for a fuel rich system. Temperature results show os

cillations of approximately 12 Hz with a slightly lower mean tem perature of 2170 K 

and oscillations producing a deviation from the mean of 108 K. Again the measured 

average tem perature is significantly depressed from the adiabatic value and again 

this is presumed to be due to energy loss from the system. Comparison of measured 

and average-measured-temperature predicted column densities indicates a quite high 

measured water level. However, one must remember tha t this flame is fuel rich and 

the flame edge is bounded by air. Therefore, one expects an increase in the water lev

els observed. In addition, the flame was also sooting and no background subtraction 

was applied. This could also skew the measured water levels upward. C 0 2 column 

densities are in quite good agreement for this flame condition; due to the errors in 

the CO2 measurement and the not-accounted-for edge addition of air to the system, 

this may simply be fortuitous.

Figure 5.10 shows results for a fuel lean system and indicate an increase in the
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F ig . 5.8. Results for a near stoichiometric flame with nearly equal nitrogen and
oxygen flows.

oscillation frequency (to approximately 19 Hz), a significant decrease in the mean 

tem perature (approximately 1850 K) and a tem perature deviation from the mean of 

238 K. Column densities for both H2O and CO2 are significantly reduced. Note that 

this flame is on the very edge of extinction and, to the eye, appears to extinguish and 

relight in an oscillator fashion. Measured column densities for both H2O and CO2 

are both low in comparison with the mean-temperature-adjusted-predictions. This is 

consistent with the view th a t system is on the verge of extinction and during certain 

times, a large quantity of fuel escapes unburned.

Figure 5.11 shows results for a fuel lean system th a t is significantly richer than the 

results of Figure 5.10. This system displays a much more stable behavior (oscillations 

of 15 Hz) than  th a t observed for the previous very lean system.

Finally, Figure 5.12 shows results an identical equivalence ratio to Figure 5.11 

but with a nitrogen to oxygen ratio of 2.6. Temperature oscillations for this system 

are much more dram atic with a frequency of approximately 24 Hz and a range of 524
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K. Mean tem perature has decreased from nearly 2160 K to approximately 2010 K. 

As expected, column densities are also significantly reduced.

5.7 M easurem ent Error A nalysis

A critical issue for any measurement is its susceptibility to error; an ideal mea

surement is operationally robust and produces small fractional errors even in the 

presence of large uncertainties in calibration and/or signal levels. The measurements 

presented in this paper are a first step toward a robust and simple combustion effluent 

measurement system. It is therefore logical and appropriate th a t the error sensitivity 

be investigated. Since each of the measurements (tem perature, water column density, 

and carbon dioxide column density) is not directly determined from a single radiance 

signal but rather from all of the signals, the error analysis must be performed in 

a perturbation fashion. This analysis follows a classic error propagation format [10] 

where the to tal error is the quadrature sum of the uncertainty contributions from



F ig . 5.10. Results for a fuel lean flame with nearly equal nitrogen and oxygen flows.

each of the three signals (as shown in Eqn. 5.7).

where is the to tal error in the measurement quantity M  (i.e. tem perature or

column density of water or carbon dioxide), cq is the error in the signal measurement 

Si, where the subscript denotes each of the three signals used, i.e. the radiant emission 

signals at 2.476, 2.719, and 4.384 /mi.

Unfortunately, the partial derivative required for error propagation cannot be 

produced analytically since the conversion from signals to measurement quantities 

uses the numerically based band models, described previously in this paper, in an 

iterative fashion. The partial derivatives (as well as the exact error produced by a 

perturbation) are therefore computed numerically by applying an error to one of the 

signals while holding the other signals constant. The exact error is the change in the 

measurement quantity (tem perature or column density) produced by the error in the
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signal and the partial derivative can be approximated with a calculation using a small 

error. This process has shown tha t the individual error terms, i.e. the three terms in 

the summation of Eqn. 5.7 is asymmetric. This asymmetry, i.e. different magnitude 

errors in the positive and negative directions arising from symmetric errors in the 

signals, significantly complicates the error analysis. Equation 5.7 is a Taylor series 

approximation to error propagation th a t assumes higher order derivatives are not 

necessary to accurately represent the error in the measurement quantity. Although 

this assumption is valid for measurement quantities where the signal to measurement 

relationship is near-linear and the errors are small, it is clearly invalid for the tem per

ature and column density measurement functions used in this paper. Equation 5.8 is 

an error propagation equation th a t is exact for the tem perature and column density 

functions used in this paper. This function uses exact error quantities (not estimates 

from the first term  of a Taylor series), forms a summation in quadrature for the errors 

which preserves the statistical meaning of output error in term s of the input error
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(i.e. standard deviation is applied to the signal and a standard deviation is produced 

for the measurement), and applies probabilities and signs to the quadrature sum to 

produce the final error in the measurement.

Eij,k = + (3c,kÔc,k)

Etot,+ =  2 P i , j ,k \E i , j À 1/ 2 S Pi , j ,k  

Etat -  = 2 5 3  Pi,j,k\E i,3À1/2S n ij,k (5.8)

where E ij^  is the error due to a specific combination of errors in measurements 

(indices i through k track the sign of the applied error in each of the measurements), 

ÔA,i is the calculated error in the measurement from an error in signal A  (signals are A  

through C ) and sign is tracked with subscript i, /3a,i is either 1 or -1 based on the sign 

of A, i (1 for a positive sign in 5), Pi,j,k is the probability associated with conditions 

for the subscripts (since all combinations are equally probable, each subscript is either
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a 1 or a 2, and there are eight probable combinations, this has a value of 1/8), 

is a variable used to separate positive from negative errors (when the error E ijtk is 

positive Spi j fk is a 1 and 0 when it is negative), Sriij^  is the same as above except 

when E ij tk is negative S n ^ k  is 1 and 0 when it is positive, and E tot,+oT- is the total 

error in either the positive or negative direction.

This equation can be explained by considering a measurement M  which is a 

function of two signals, A  and B. Four root errors are possible in the quantity M  due 

to uncertainties in A  and B. These are the errors in M  due to positive and negative 

errors in A an B  (call these errors cta,+ , <7a,-, <7b)+, and <7b,-- There are four possible 

combinations of these errors (i.e. <j a ,+  and <t b ,+  , <ta,+ and <t b , - ,  etc.) and since 

the errors are randomly distributed, each combination has an equal probability (in 

this case 1/4). The quadrature sum is formed but includes the effect of sign in the 

measurement produced and the final to tal error is formed by summing the product of 

probability associated with each quadrature summed error along with the error itself. 

This calculation is done for net negative and positive measurement errors. The 2 in 

Eqn. 5.8 is necessary since the error propagation tracks both negative and positive 

errors.

Results from this analysis are shown in Tables 5.7-5.9. Table 5.7 includes the 

fractional measurement sensitivity (see Eqn. 5.9 for a definition) and Table 5.8 in

cludes the positive and negative error bars for a ±10% error in all of the three signals. 

Results are quite sensitive to flame conditions and are therefore provided for each of 

the flame conditions investigated.

In terms of the sensitivities listed, the tem perature is relatively insensitive to

(5.9)



96

errors in all of the signals (as evidenced by fractional sensitivities less than 1). Sensi

tivity of the water column density is greater than tha t for tem perature but still quite 

manageable, a worst case of sensitivity of 2.38 is observed (i.e. 10% error in signal 

producing a 23.8% error in the measurement). The carbon dioxide column density 

sensitivity is the largest; in one case, a sensitivity of 9.3 is reported. This implies that 

the absolute value of the column density will be quite error prone. Further investiga

tion of the errors is provided by examining the positive and negative error bars from 

an application of a 10% random error applied to  each of the three radiance signals. 

These results are listed in Table 5.8 and were calculated using the procedure outlined 

in this section. Note th a t for tem perature, a 10% error in signal generally (with a 

few exceptions) produces an error th a t is less than  10% in the temperature; simi

larly 10% signal errors produce approximately 20% water column density errors. As 

expected the uncertainty in the carbon dioxide column density is quite high. Given 

these errors, one must consider how to  interpret the overall results. In fact, the actual 

signal acquisition is quite accurate and is limited by considerations such as digitizer 

bit spacing and detector and amplifier linearity (all of these are in the range of 1 to 

2% total). A much more serious error is the calibration error itself, which is on the 

order of 10%. This implies th a t the error in the absolute number for tem perature 

and the two column densities is on the order of tha t listed in Table 5.8. However, the 

point-to-point error (i.e. the error in the change in data  point values) is much smaller 

and is controlled by the signal acquisition errors. Assuming 2% errors in signal acqui

sition, the point-to-point error can be computed using the same method as used for 

the 10% error level; results are listed in Table 5.9. These results indicate fluctuations 

greater than  the fractional levels listed in the table are real and not simply noise 

induced. Fluctuations of greater than 1.8% in tem perature and approximately 5%
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and 25% in water and carbon dioxide column density are therefore resolvable. Note 

th a t fluctuations in the measured signals are much greater than  this which indicates 

th a t they are quite real.

Table 5.7. Summary of fractional sensitivities for each flame condition to each
signal.

flame fractional sensitivity fractional sensitivity fractional sensitivity
condition of tem perature of H20  column density of C 0 2 column density
filter ( / i m ) 2.476 2.719 4.384 2.476 2.719 4.384 2.476 2.719 4.384
flame 1 0.716 0.770 0.154 0.850 2.070 0.417 8.840 9.300 2.815
flame 3 0.170 0.000 0.493 1.600 0.000 1.360 1.600 0.000 1.360
flame 6 0.600 0.650 0.082 1.080 2.300 0.287 3.890 4.14 1.2
flame 7 0.616 0.653 0.178 0.660 1.830 0.503 8.450 9.24 2.83
flame 8 0.733 0.780 0.079 1.140 2.330 0.238 5.750 6.1 1.61

Table 5.8. Summary of fractional errors for each flame condition from a 10% error
in the three signals.

flame fractional error in fractional error in H20 fractional error in C 0 2
condition tem perature column density column density

positive negative positive negative positive negative
flame 1 0.147 0.028 0.092 0.210 2.560 0.376
flame 3 0.060 0.028 0.160 0.170 0.086 0.390
flame 6 0.083 0.039 0.250 0.190 0.570 0.230
flame 7 0.130 0.021 0.059 0.220 2.220 0.370
flame 8 0.116 0.043 0.230 0.210 1.140 0.310

5.8 C onclusions

Initial results have shown tha t the radiance from H20 , C 0 2, and CO can be 

monitored in a methane diffusion flame. Filter band models have been developed for 

H20  and C 0 2 to relate the radiative emission to column density. Also demonstrated
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Table 5.9. Summary of fractional errors for each flame condition from a 2% error in
the three signals.

flame fractional error in fractional error in H2O fractional error in CO2
condition tem perature column density column density

positive negative positive negative positive negative
flame 1 0.018 0.010 0.038 0.041 0.260 0.110
flame 3 0.010 0.098 0.031 0.024 0.031 0.023
flame 6 0.012 0.011 0.047 0.044 0.078 0.076
flame 7 0.017 0.008 0.034 0.040 0.240 0.110
flame 8 0.015 0.011 0.046 0.058 0.152 0.077

was the ability to monitor HgO, CO2 and tem perature fluctuations in the flame as a 

function of time. The monitoring system relies on a fiber optic delivery system (ZrF 

fibers) and therefore is amenable to use in a range of non-laboratory environments.

Future work is to extend the data  reduction routine to include CO, and perform 

field tests in lab-based scramjet exhaust plumes and other high tem perature flow- 

fields.
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C hapter 6 

C O N C L U SIO N S

The goal for this research has been to develop sensors capable of in situ measure

ment of combustion flows and the development of supporting technologies for these 

instruments. The measurement principle has been to collect radiative emission by 

ro-vibrational transitions in the infrared and relate it species concentration. Exten

sive testing of the furnace simulator has shown it to be a unique and valuable tool 

as this technology matures. The Fabry-Perot interferometer has proven to be a vi

able instrument for individual line measurements of this sort. Initial results from the 

fiber-based, broadband system were encouraging; this relatively simple instrument 

shows great promise for simultaneous measurement of combustion flow constituents. 

Detailed conclusions relevant to each instrument are given at the end of each chapter; 

the following paragraphs emphasize highlights of this overall work.

F U R N A C E  SIM U L A T O R

The furnace simulator was built to reproduce the optical characteristics of a 

power plant exhaust stack. The simulator consists of a three-meter quartz tube with 

salt windows at each end for optical access. A propane burner is used to create the 

combustion effluent and a feedback controlled heating system accurately maintains 

the high tem peratures. A dry-nitrogen purge protects the salt windows from damage 

due to high concentrations of water in the combustion effluent. The simulator was 

used in conjunction with an FTIR  to calibrate the instruments under development.
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FA B R Y -P E R O T  IN T E R F E R O M E T E R

Modeling was done to determine the design parameters for a Fabry-Perot inter

ferometer for use as a nitric oxide concentration monitoring instrument. Based on 

the results of modeling, a prototype instrument was built. The periodic transmis

sion of the Fabry-Perot interferometer dictates the use of an order sorter; a simple, 

high-throughput instrument such as a second Fabry-Perot is required for field-based 

high-sensitivity instruments. Absorption measurements indicate excellent agreement 

between the predicted and actual spectral resolution of the instrument. There was 

reasonable agreement between the predicted and actual power levels. The limit of 

detection is set by background subtraction; the minimum resolvable column den

sity was approximately 100 ppm-m; note tha t using an order sorter other than a 

monochromator will lower this detection limit substantially.

FIELD  T E ST

The Fabry-Perot interferometer was calibrated using the FT IR / simulator setup 

and demonstrated excellent agreement with theoretical predictions. The instrument 

was repackaged and tested at a local power plant and the emission measurement 

matched the extractive CEM measurement made downstream at the plant.

SIM U L T A N E O U S B R O A D B A N D  M E A S U R E M E N T  SY ST E M

A monitoring system based on bandpass filters and a ZrF fiber optic delivery 

system was built to simultaneously monitor radiance from water, carbon dioxide 

and carbon monoxide. Band models were created to relate the radiative emission 

to column density of water, carbon dioxide and tem perature. Initial testing was
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performed on an industrial methane diffusion burner and demonstrated the ability to 

monitor water, carbon dioxide and tem perature fluctuations in the flame as a function 

of time. Future work will include extending the band models and data  reduction 

routines to include carbon monoxide and field testing in other high-temperature flows.
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A P P E N D IX  A  

S P E C T R O SC O P Y  OF N IT R IC  O X ID E  

A .l  In trod uction  

A .1.1 M otivation

Nitric oxide is a colorless, odorless gas that is active in many physiological func

tions. The nitric oxide molecule is quickly oxidized to form nitrogen dioxide:

2NOW + O2W ^2NQ2W

Unlike nitric oxide, nitrogen dioxide is a highly toxic, yellow-brown gas with a choking 

odor.[l] The reaction of molecular nitrogen and molecular oxygen in the atmosphere:

N 2(g) +  O2{g) 2NO(<7) K p = 4.0 x 10-31 at room tem perature

forms very little nitric oxide at room tem perature. [1] However, the equilibrium con

stant increases rapidly with tem perature, and in combustion effluent (because of high 

tem peratures and small amounts of molecular oxygen) the concentration of nitric 

oxide can become significant.

Thus the motivation for studying the spectroscopy of nitric oxide is clear; ni

tric oxide is im portant in combustion and physiological systems. Because of high 

tem peratures and highly reactive radicals, traditional diagnostic techniques may not 

be possible in a combustion system. Additionally, in combusting systems, the fluid
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mechanics, thermo dynamics and chemistry are complicated and often coupled to

gether; therefore, spectroscopic techniques (i.e. optical diagnostics) allow combustion 

systems to be studied without interfering with the measurement.

A . 1.2 M olecular Structure

Nitric oxide is a heteronuclear diatomic molecule—th at is, the molecule contains 

two, unlike atoms, one nitrogen atom  and one oxygen atom. The atomic masses 

of nitrogen and oxygen are 14.01 and 16.00 amu respectively. The atoms are held 

together by a double bond and one unpaired electron. [1] The nitric oxide molecule 

has an odd number of electrons and can be represented by the following resonant 

Lewis dot structures:

N = b  <— ► - n = ô +

Since an even number of electrons is needed for complete electron pairing (to reach 

eight), the octet rule clearly can never be satisfied for nitric oxide.[1] The unpaired 

electron in the outer shell has a significant impact on the spectroscopy of the nitric 

oxide molecule.

A . 1.3 Q uantum  States

The m aster equation for this effort is the Schrôdinger equation which replaces 

the classical Newtonian physics on this atomic scale. The simplest thing tha t can 

be said about the Schrôdinger equation is th a t it is an energy equation (Eqn. A .l). 

The Schrôdinger equation also gives information about wave features of atoms and 

molecules. The distinctive feature of quantum  mechanics is th a t for any one individual 

particle there exists a unique set of discrete energy levels.
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There is essentially only one mode of energy storage in an atom: electronic. The 

electronic energy states in an atom are discrete; tha t is, only certain electron orbits 

actually occur. This introduces the first quantum number: the principal quantum 

number n  to represent the electronic energy state of the atom. For a more rigorous 

explanation see Ref. [2].

The motion of the electron is associated with a wave and the so-called Schrôdinger 

wave equation also describes this behavior. The basic Schrôdinger wave equation 

(independent of time) for atomic systems is:

V 2)/' +  (E  — V) ip = 0 (A.l)

The Schrôdinger equation is soluble, not for unrestricted values of E, but only for

specified values of E, the so-called eigenvalues (eigenenergies) and is related to the 

principal quantum  number n. The corresponding wave functions ip are called the 

eigenfunctions of the problem, representing the stationary states for which the wave 

motion of the electron is not everywhere destroyed by interference. [2] The probability 

th a t the particle under consideration will be found at the position given by the co

ordinates is given by \'ip\2. To each eigenvalue of the Schrôdinger equation there

belongs one or more eigenfunction. These additional eigenfunctions are distinguished 

by two additional quantum  numbers I and m*, I is the azimuthal quantum number, 

and mi is the magnetic quantum  number. There is one more quantum  number m s in 

an atomic system to define the state of spin of an electron.

In contrast to an atom, the nitric oxide molecule has additional modes of energy 

storage. It can also retain energy in the form of oscillations between the nuclei, the 

so-called vibrational energy mode. Additionally, the separation of the nuclei creates 

a relatively large moment of inertia and the nitric oxide molecule can retain energy in
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the form of rotation about the center of mass, the so-called rotational energy mode.

The Born-Oppenheimer approximation states th a t the electronic solutions to the 

Schrôdinger equation may be solved separately from the vibration and rotation solu

tions since the electron moves much faster than the nuclear vibration and rotation. [3] 

Although rotation and vibration are certainly coupled, these energy modes will be 

introduced separately for clarity, and then a section on the interactions and approxi

mations of coupled energy modes will follow.

A . 1.4 S ta tistica l M echanics

It is not possible to account for the individual state of every molecule tha t makes 

up a gas—there are simply too many molecules. Statistical mechanics provides a 

statistical framework for describing an ensemble of molecules. The general Boltzmann 

distribution[4] is:

I  -

which may be used to examine the distribution of energy states for a volume of gas. 

This distribution is derived from therm al equilibrium and is strictly valid only when 

the energy distribution of molecules is caused by therm al collisions alone. However, 

in flames frequently the rotational (and vibrational) distribution indicates a higher 

tem perature than the true tem perature since the excitation is due to chemical ele

m entary reactions than to therm al collisions. This appendix is w ritten based on the 

assumption of therm al equilibrium and th a t the Boltzmann distribution of energy 

states is valid. In some cases it may be necessary to modify this approach, for a more 

detailed discussion see Refs. [5, 6, 4].
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A .2 E lectron ic E nergy States

W hen a number of electrons are present we can ascribe to each individual electron 

the same quantum  numbers as are ascribed to a single electron moving in the field 

of an atomic core. This is true because, to a first approximation, we can replace the 

actions of the remaining electrons by a centrally symmetric field (shielding). Thus, 

when several electrons are present in an atom, we have the following quantum  num

bers for each electron: n, Z, m*, m s. The states of an electron which are characterized 

by certain values of n  and I and certain orbital wave functions are called orbitals. 

Electronic orbitals with different n  have widely differing energies. The energy differ

ence between orbitals with the same n  but different I is smaller. In the absence of a 

magnetic field, states with the same n  and I but with different mi and m s have the 

same energy—th a t is, are degenerate with one another. [3]

In a diatomic molecule the symmetry of the field in which the electrons move is 

reduced; there is only axial symmetry about the internuclear axis. As a consequence, 

only the component of the orbital angular momentum of the electrons about the 

internuclear axis is a constant of motion. The situation is essentially the same as that 

of an atom  in a strong electronic field. [3]

A .2.1 G round S ta te

Nitric oxide is a diatomic molecule with an unpaired electron in the outer shell. 

The orbital angular momentum of the electron along the internuclear axis (A) deter

mines the electronic state  of the molecule, which can take the values: A =  0 ,1 ,2 , . . . ,  L. 

For nitric oxide in the ground state the electronic orbital angular momentum along 

the internuclear axis is A =  1, corresponding to a II ground state.

The sum of orbital angular momentum (A =  1) and spin angular momentum
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(S  — 1/2) form the net electronic angular momentum (f2 =  A ±  S), resulting in a 

doublet ground state split into two components, 2IIi/2 and The two electronic

ground states of nitric oxide are separated by ~  120 cm-1 and are both appreciably 

populated at room tem perature. [7]
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F ig . A .l. Simulated IR ro-vibration spectrum of nitric oxide for the fundamental 
vibrational band using term  energies from Ref. [8]. A-doubling is not shown in this 
figure.

The 2n  ground state  of nitric oxide plays an im portant role in the IR ro-vibration 

spectra of nitric oxide because it creates sub-bands. A sub-band corresponds to a 

vibration transition within a particular electronic state: 2IIi/2 <— 2IIi/2 and 2n 3/2 <— 

2n 3/2. In Fig. A .l there are six visible branches, one P, Q, and R branch (discussed 

in Section A.4) associated with each of the two spin states. The cross ground state 

ro-vibration transitions 2r i i /2 <— 2II3/2 and 2n 3/2 <— 2n 1/2 are “forbidden” and hence 

have weak transition probabilities. Therefore, each vibrational band of nitric oxide is
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composed of 6 branches if A-doubling is ignored.

A .2.2 S election  R ule

Emission of radiation by a NO molecule at ~  5 /im correspond to fundamental 

(A v  = 1) ro-vibration transitions within a particular electronic state: 2IÏi/2 <— 2I1i/2 

or 2n 3/2 <— 2n 3/2. The infrared spectrum for nitric oxide has two bands, each corre

sponding to a particular ground (spin) state. So the selection rule for transitions in 

the fundamental ro-vibration band of nitric oxide is A ft  = 0 (electronic state is un

changed). Transitions with A f t  =  ±1 are forbidden, and have transition probabilities 

less than  1% of the transitions with unchanging electronic states.

A . 3 V ibration

The vibration mode of energy storage is caused by fluctuations in the distance 

between the nuclei. Since the atoms in the nitric oxide molecule are similar in atomic 

weight, the center of mass is nearly equidistant from both nuclei. If the displacement 

of the vibrations is small, the potential energy for the vibrating molecule can be 

approximated with a parabolic potential energy, the so-called harmonic oscillator. 

W hen the bond displacement is large the potential energy follows a Morse function 

and is modeled by the so-called the anharmonic oscillator. As in the electronic mode, 

the vibrational mode is discretized—only certain nuclear vibrations actually occur.

A .3.1 H arm onic O scillator

The simplest possible assumption about the form of the nuclear vibrations in 

a nitric oxide molecule is th a t each atom  moves toward or away from the other in 

simple harmonic motion, th a t is, the displacement from the equilibrium position is a



I l l

sine function of the time.

Using V  = l/2fcr2 for the potential energy (compare with Eqn. A .l), the 

Schrôdinger equation of the harmonic oscillator is:

d2/ipv
dr2 + h2 =  0 (A.3)

The J (  J + l )  term  is a rotation correction th a t is usually ignored, for more information 

see Refs. [9, 10].

E igenfunctions Solutions to the harmonic oscillator are straightforward, de

tails may be found in Ref. [10]. The eigenfunctions ^  of Eqn. A.3 are found to be 

the Hermite orthogonal functions:

V>„ =  Cve~lt2oa2Hv ( y 5 æ )

where Cv is a normalization constant, a  = A.tt2nvoscJ h  is a constant and Hv is an 

Hermite polynomial of the -uth degree. The normalization constant is given by:

a ,  =
a y / 2  1
7T / 2vv\

1/2

The vibrational probability density distributions |Y\j|2 are plotted in Fig. A.2 with 

the eigenvalues of the next section in a parabolic (Hooke’s Law) potential well.

E igenvalues The eigenvalues E v of Eqn. A.3 are found to be:

E v = hCLOe (v +  1/2)
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r

F i g . A.2. Probability density distributions of the harmonic oscillator in a parabolic 
potential well. Note that the energy levels are equally spaced and the lowest vibra
tional state  is non-zero.

where u =  0,1, 2 , . . is the vibration quantum  number.

A harmonic oscillator is characterized by a parabolic potential curve. The po

tential energy, and therefore the restoring force, increases indefinitely with increasing 

distance from the equilibrium position. However, it is clear th a t in an actual molecule, 

when the atoms are at a great distance from one another, the attractive force is zero, 

and correspondingly the potential energy has a constant value. [3] A better model, the 

so-called anharmonic oscillator, allows for asymmetric vibration.

A .3.2 A nharm onic O scillator

The harmonic oscillator treatm ent fails to agree with experiment in th a t it yields 

equally spaced energy levels and a parabolic potential well, whereas the observed 

vibrational levels converge for increasing values of v. In order to describe this feature
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it is necessary to create a potential energy function th a t is closer to the true potential 

energy. [10]

7 -

£
r  5 -<D
C0)
1  4 -  

1
a  3-

E>

2 -

r
r

F i g . A.3. Comparison of Hookes potential and Morse potential energy functions. The 
dashed curve is the harmonic approximation and the solid is the Morse approximation 
to  the nuclear potential.

The Morse potential provides a better functional form for the potential energy:

V(r) = Ed \ l -  e - t '—'e)]2 (A.4)

This function has a minimum of zero at r  =  r e, comes asymptotically to at r  =  oo 

and in general gives curves of a very similar form to the few potential energy curves 

which have been calculated theoretically. The only portion where it does not fit these 

curves is at r  =  0, where it should be infinity. But for the values of Ed and a used for 

nitric oxide, V(r)  is a value so large at r  — O that, as far as its effect on the energy
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levels goes, it is as good as infinity. [11]

The Schrôdinger equation of the anharmonic oscillator after a change of variables

is:

dx2
J ( J + 1 )  Stt2
   - o    +  To+  ( e v - E d -  EdE~2ax + 2Ede~ax) =  0 (A.5)

As in the harmonic oscillator, usually the J (  J  + 1 ) rotation term  is ignored due to its 

relative smallness and added complexity to the problem.

A .3.3 E igenfunctions

It should be stressed th a t although the anharmonic oscillator is a simple physical

system, calculation of the energy eigenvalues and of the corresponding eigenfunctions 

is very demanding. For approximations to the anharmonic oscillator see Refs. [11, 

12, 13, 9, 10].

The eigenfunctions of Eqn. A.5 are found to be variations of the general 

Laguerre functions:

Lkn{ke ax) is a polynomial in {ke ax), closely related to the generalized Laguerre 

polynomial, see Ref. [9]. A n is given by the formula:

ipv = A n e -W 2»6"”  ( k e -ax)
( k —2 n — 1 ) / 2

L kn ( k e -ax)

where k = 47r (2/rSd)1̂ 2 /a h  is a constant, a =  (Sir2fi.cv/kh)'^2 is a constant and
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F i g . A.4.  Anharmonic vibrational bands within the morse potential for nitric oxide. 
The energy levels are not equally spaced (compare with Fig. A.2).

A .3.4 E igenvalues

Since we are primarily interested in vibrational levels, J  is set to zero eliminating 

the second term  of Eqn. A.5 (this approximation is discussed in Section A.5). The 

eigenvalues E v of the anharmonic oscillator are found to be:

E v = hcjjje (v +  1 /2 )  — hcu)ex e (v T  1 /2)  +  hcujeye (v +  1/2 )  +  • • •

where v = 0 ,1, 2 , . . .  From a theoretical point of view, the anharmonic eigenvalues 

for vibration represent difficult higher order perturbation calculations, but from an 

experimental point of view, the eigenvalues represent higher order fitting to empirical 

spectroscopic data.
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A .3.5 P opu lation  D istr ib u tion

Following the form for the general Boltzmann distribution in Eqn. A.2, the 

vibrational population distribution for the harmonic oscillator approximation is given 

by (Fig. A.5):

N v e~Ev/kT 
N ~ = Qv

Note th a t the degeneracy of vibrational energy levels is one (not-degenerate). The 

partition function Qv is given by:

Qv = 1 + e~El/kT 4- e - E2/kT H-----

of which successive terms decrease rapidly.

1.0

0 .8 -

co
to3
Cl
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T=2000K
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02  -

\T=500K

0.0
430 1 2

F ig . A.5. Harmonic vibrational population distribution. At higher tem peratures 
more vibrational levels in a nitric oxide molecule are populated.
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As the tem perature of a volume of nitric oxide gas increases, the curve in Fig. 

A.5 shifts downs and to the right; in other words, more nitric oxide molecules are in 

higher vibrational states as the tem perature increases. The population distribution 

only gives information on which vibrational states are occupied, transitions between 

vibrational states (when a molecule emits or absorbs radiation) are governed by se

lection rules.

A .3.6 S election  R ules

The only transitions which the harmonic oscillator system may undergo with the 

emission (or absorption) of radiation are those from a stationary state to one of the 

two adjacent sta tes.[3] The selection rule for the harmonic oscillator is therefore:

A v  =  d=l

which is known as the fundamental vibration band. A more complete discussion (Refs. 

[3, 10]) shows th a t transitions may also occur as a result of interactions corresponding 

to quadrupole and still higher terms, the increasingly weaker overtone transitions are 

given by:

A v  = d=2, ± 3 , . . .

A .4  R ota tion a l E nergy S ta tes

The molecule can rotate as a whole about an axis passing through the center 

of gravity and perpendicular to the internuclear axis. Similar to the electronic and 

vibrational modes of energy storage, the rotational mode is also discretized—that is, 

only certain quantized rotational frequencies exist.
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A .4 .1  R igid  R otator

In the rigid rotator model, the nitrogen atom and oxygen atom are considered 

fastened at a fixed distance r  by a weightless, rigid rod. In doing so, the finite extent 

of the atoms and the fact tha t the atoms are not rigidly bound to each other but that 

their distance can alter under the influence of their rotation (and nuclear vibration 

as well) is neglected. Since the radii of the atoms is considerably smaller than the 

internuclear distance, the finite extent of the atoms is a reasonable assumption. [3] 

The centrifugal distortion is also small, and will be discussed in Section A.5. W ith 

an unpaired electron in the outer shell, symmetric top considerations are important 

and will also be discussed in Section A.5.

The Schrôdinger equation of the rigid rotator is:

V V r +  =  0 (A.6)

A . 4.2 E igenfunctions

The eigenfunction solutions to Eqn. A.6 of the rigid rotator are the so-called 

surface harmonics:

4>r =  CrP ljMl (cos 6»)

where Cr is a normalization constant, (j) is the azimuth of the line connecting the 

mass point to the origin, 9 is the angle between this line and the z  axis, and M  is a 

quantum  number which takes the values:

M  — J) («/ — 1), (</ — 2), • • • — J
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which represents the component of the angular momentum J  in the direction of the 

z axis. P jM ̂ (cos 0) is a function of the angle 0, the so-called associated Legendre 

function. [3] The surface harmonics are closely related to the spherical harmonics of 

the hydrogen atom. [2] The probability distribution is rotationally symmetric about 

the fixed axis.

A . 4.3 E igenvalues

The solutions t/v occur only for certain values of E —namely, the eigenvalues:

E j  = h c B J { J + \ )  (A.7)

where the rotational quantum  number J  can take the integral values 0 ,1 , 2 , . . . .  Thus 

we have a series of discrete energy levels whose energy increases quadratically with 

increasing J , Fig. A.6.

A .4 .4  P op u la tion  D istr ib u tion

For the rigid rotator approximation the rotational population distribution (Fig. 

A.7) is given by:
N j  (2 J  +  1) e~Ej/kT
N  Qr ( ' )

Note the degeneracy of rotation is 2 J + l .  For sufficiently small B  or high tem peratures 

T, the partition function may be replaced by an integral [3], namely:

oo poo
= (2J  +  1) e~Bj,kT = I (2 J  +  1) e - Bj/kTd J

t  n  J  0

k T

j=o *u

Although, with computers it is often easier to evaluate the sum than  consider if the 

approximation is valid.
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F ig . A.6. The first eight rotational energy levels of the rigid rotator in the
fundamental vibration band.

A .4.5 S election  R ules

The only transitions which the rigid rotator system may undergo with the emis

sion (or absorption) of radiation are those from a stationary state  to one of the two 

adjacent sta tes.[3] The selection rule for the rigid rotator is therefore:

A ,/  =  =bl

where the A J  =  +1 is the so-called R-branch, and the A J  =  — 1 is the so-called 

P-branch. Another branch (Q-branch) corresponding to A J  =  0 are seen to occur in 

the nitric oxide spectrum  due to symmetric top considerations, and will be discussed 

in Section A.5.
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F ig . A.7. Thermal distribution of the rotational levels for nitric oxide in the lowest
vibrational state at 500K and 2000K.

A .5  C oupled E nergy S tates

The straightforward way to treat the rotational and vibrational motion of a 

polyatomic molecule would be to set up a nuclear wave equation including both 

vibrational and rotational (as well as coupled components) terms and introducing an 

expression for the potential function, using some approximation if necessary. This 

treatm ent, however, has proved to be so difficult th a t it is customary to begin by 

making the approximation of neglecting all interaction between the rotational motion 

and the vibrational motion of the molecule. The nuclear wave function can then be 

separated into two equations, one, called the rotational wave equation, representing 

the rotational motion of a rigid body. The second of the two equations into which 

the nuclear wave equation is separated is the vibrational wave equation, representing
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the vibrational motion of the non-rotating molecule. [10] From empirical evidence, it 

is clear th a t corrections to the harmonic oscillator (i.e. the anharmonic oscillator) 

are more im portant than corrections to the rigid rotator approximation. However, 

the rotational constant is a function of the vibrational state; the following formula 

describes the rotational constant from the equilibrium position and a vibrational 

correction.

B v = B e — a e(v 1/2)

A molecule cannot be strictly a rigid rotator if it is allowed to vibrate. A better 

model, the so called vibrating rotator, allows for vibrations in the direction of line 

joining the two nuclei.

A .5 .1  R o-V ib ration  C oupling

C entrifugal D istortion  The vibrating rotator approximation introduces a 

higher order rotational term  th a t is a function of the vibrational frequency. The 

rotational terms of the vibrating rotator are given by:

E V(J)  =  hcBvJ ( J  +  1) -  hcDvJ 2(J  +  I )2 (A.9)

The rotational constant D  depends on the vibrational frequency u  of the molecule, 

since the smaller tv is, the flatter will be the potential energy curve for the harmonic 

oscillator V  = I f e k x 2 — 2n‘2mVoSCx 2 in the neighborhood of the minimum and there

fore the greater will be the influence of centrifugal force—th a t is the greater D  will
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be. D  is given by:

if, for the vibrations, the model of the harmonic oscillator is used. Owing to the 

smallness of the centrifugal distortion, D < 10~6B), we may in future considerations 

neglect the departure of the nitric oxide molecule from the model of a rigid rotator. 

The deviations from the model of the harmonic oscillator are, on the contrary, by no 

means negligible. [3] More details about ro-vibration coupling in diatomic molecules 

may be found in Ref. [14].

S y m m e tr ic  T op Thus far in our considerations we have taken as a model for 

the rotations of the molecule a simple rotator, with the assumption th a t the moment 

of inertia about the line joining the nuclei is zero. Actually, there are a number 

of electrons revolving about the two nuclei, and the moment of inertia about the 

internuclear axis in not exactly zero. [3] A Schrôdinger equation can be written for the 

symmetric top and solved for the eigenvalues and eigenfunctions, for details see Refs. 

[3, 10]. The rotational energy values with the symmetric top correction is:

E j  = h c B J  ( J + l )  +  he (A -  B)  A2

where A  and B  are the so-called symmetric top constants. The rotational levels of 

the symmetric top are the same as those of the rigid rotator except tha t there is a 

shift of magnitude, which is constant for a given electronic state. Recall tha t A =  1 

for the ground state of nitric oxide.

The symmetric top introduces an additional selection rule for rotation, as eluded
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to in Sec. A.4. For A ^  0 the rotational selection rule is A J  =  dbl, 0, and introduces 

the additional rotational Q-branch seen between the R-branch and P-branch in Fig. 

A.2.1.

A .5.2 R o-E lectron ic C oupling

The coupling between the electronic and rotational momenta in ground state 

nitric oxide molecules[3] is intermediate between Hund’s case (a) and Hund’s case 

(b). This coupling results in a 2IIn ground state, a doublet which is split into two 

components, 2IÏi/2 and 2Il3/2, where O =  A ± S , the net electronic angular momentum. 

There is a small splitting of the rotational states known as A-doubling which is the 

result of perturbations of the angular momentum coupling by molecular rotation. This 

splitting is quite small; it is different in the two ground states, [7] and is a function 

of the rotational quantum  number J , see Fig. A.8. Except for very large rotational 

quantum  numbers, the A-doubling has not been resolved in the IR spectrum  of nitric 

oxide. However, A-doubling is an im portant detail; some spectroscopic techniques 

involve “integrating” across a spectral line. Spectroscopists are actually integrating 

across two lines rather than  one.

A .6  Spectroscop ic  In ten sity

The steady-state equation of radiative transfer may be reduced to this general 

expression (following the derivation in Ref. [15]) for radiant emission including ab

sorption:
Mi)

Jv (I) = (0) + e-~C) I ^ p r e ^ d r , ,  (z) (A. 10)
T„(0) ^  [ Z )
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F ig . A.8. A-doubling of the electronic ground states of nitric oxide. The dotted part 
of the 2Il3/2 sta te  does not occur because J  > Q. Rotational splitting increases as 
rotational quantum  number J  increases. The magnitude of the A-type doubling is 
greatly exaggerated.

in units of [W /m2-sr-Hz]. This equation makes no assumptions about optical depth 

or absorption. The volume absorption coefficient per steradian is defined as:

K, (z) = (NmBmn — N nB nrn) Yv

and the volume emission coefficient per steradian is defined as:

c (z)  —  - ^ N n A n m Y v
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The optical depth is given by:

i
tu (z) =  J  k (z) dz 

o

Since this report focuses on emission spectra from combustion, Eqn. A. 10 may be 

modified to neglect line-of-sight absorption for a homogeneous medium (which may 

not be the case for combustion systems in general) :

J„ (l) =  -  ( l  -  e"'6-1) 

and in the optically th in  case:

Jv (I) = el (A.11)

The definition of the volume emission coefficient incorporates the Einstein tran 

sition probability of spontaneous emission:

6 4 ^ ^  £  ] iT " f  
3ft gn

and the Einstein transition probability of absorption is:

S t t 3 £  \Rn m \2
Bnm — 3/i2c gr

Where the to tal transition moment is given by the product of electronic, vibrational, 

and rotational transition moments:

=  R r K Ï ' R r ' o f  (A-12)
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The electronic transition moment is assumed to be unity since the nitric oxide 

IR spectrum results from ro-vibration transitions not electronic. The vibrational 

transition moment is the integral of vibrational wavefunctions, but is more commonly 

tabulated as Franck-Condon factors:

Q  _ I r > v ' v "  12
O v rv f f  —  | r i y ^  |

The Franck-Condon factors represent the fraction of the electronic response associated 

with each vibrational level and are tabulated in Ref. [3]. Similarly, the rotational 

transition moment is the integral of rotational wavefunctions, but is more commonly 

tabulated as Honl-London factors:

S j ' j ”  =  K f l 2

The Hônl-London factors are the fraction of the vibrational response within each 

rotational level, also tabulated in Ref. [3].

The radiance calculation requires number densities from Boltzmann fractions, 

discussed in previous sections. The radiance also depends on the lineshape >7, which 

acts to broaden the spectral line.

A .6.1  L ineshape

The width of a spectral transition is given by the broadening processes at work. 

Since this report focuses atmospheric pressure combustion systems, the line broad

ening is dictated by pressure broadening. At low pressures (or very high tempera

tures), Doppler broadening can become the dominant broadening mechanism. Pres
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sure broadening is given by a Lorentzian distribution[15]:

A vh 1
Y n iy  ^nm) —

2 T  (v  -  Vnm? +  ( ^ )  

which is subject to the normalization condition:

+00
J  Yudv = 1

—00

A Voight profile is the convolution of a Gaussian profile (Doppler broadening) 

and a Lorentzian profile (collisional broadening). In some cases it may be appropriate 

to use a Voight profile to describe the broadening in a system and are described in 

greater detail in Refs. [15, 5].

A .7  Sum m ary

The ground state  of nitric oxide is split into two states due to an unpaired 

electron. The split ground state creates two closely-spaced, sub-bands tha t correspond 

to transitions from within a single ground state. Vibrational energy modes are best 

modeled by the anharmonic oscillator, to account for unequally spaced vibrational 

levels. Rotational energy modes follow a rigid rotator model; centrifugal distortion is 

negligible. Coupling between angular momentum and molecular rotation introduces 

A-doubling components. A-doublets, although frequently not resolvable (degenerate), 

can become im portant to absolute measurements of individual lines.

Transitions between rotational and vibrational states occur simultaneously to 

produce the IR spectrum  shown in Fig. A.2.1. Transitions are dictated by selection 

rules (transitions corresponding to magnetic dipole and quadrupole moments do occur
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although very weak).

A .7.1 S election  R ules

Electronic: AO =  0 transitions stay within a particular ground state 

the fundamental vibration bandVibration: A v  =  1

A v  =  2 , 3 , 4 , . . .  the hot bands small transition probabilities 

Rotation: A J  =  +1 the R-branch

A J  =  0 the Q-branch 

the P-branchA J  = —1 

A-components: A+ <— A+

A~ A” A-doubled components do not change in a transition
The radiant energy from an emission diagnostic is the quantity th a t is collected 

and measured to analyze a combustion system. This report presented equations spe

cific to combustion emission systems, and also general equations including absorption 

and optical depth. In some cases, the optical depth may become so large that the 

emissive signal is not quantized at all, but given by the Planck blackbody distribution 

(which may be the source of different diagnostics).

This report has presented equations and details of spectroscopy relevant to com

bustion systems, specifically with radiant emission in mind.

A .8 Sum m ary o f C onstants

A compilation of spectral line param eters is described for the A v  =  1 bands of 

NO which includes A-type doubling for nitric oxide, following the work of Ref. [8]. 

The whole term  energy is given as:

J, v ) = T e + G(i') + B„ [(J  +  1 /2)2 -  A2] +  B v [L{L +  1) -  A2
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+ ( - 1 ) ' [B l{J  +  1/2)2 +  l / A A M u  ~  4B1,)A2] 1/2 

—-Di/ ( J  +  1/2)4 — ( J  +  1/2)2 +  1 ±  - E ^ ( J ,  v)

where 2 =  1,2 denotes the 2r i i/2, 2H^ 2  states respectively; Te is the electronic term 

energy and will be considered constant for the ground states; (?(%/) is the vibrational 

term  value:

G (is) = u)e{y +  1/2) — ujex e(y +  1/2)2 +  ujeye{y +  1/2)3 +  ujeze(is +  1/2)4 +  • • •

where u is the vibrational quantum  number and LVe, ujex e, (Jel/e, u eze, . . .  are the 

equilibrium vibrational constants; B v and D u are the rotational constants which, 

when corrected for vibration-rotation interaction, are:

B u — B e — oce{y +  1/2)

and

D» — D e — Pei1' +  1/2)

where B e and De are equilibrium values corresponding to zero vibrational energy and 

a e and Pe are the vibration-rotation interaction constants; J  is the to tal angular mo

mentum quantum  number ( J  >  |Q|); A u is the spin-orbit coupling constant (crudely 

equal to the separation between the 2I l1/2 and 2n 3/2 states, ~  120 cm-1) given by:

A u — Ae — Xe{v +  1/2)
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where A e is the spin-orbit constant for zero vibrational energy and Xe gives the cor

rection for non-zero vibrational energies. The A doubling terms may be approximated 

by:

S i V ,  «/) =
4q

+
2p

A vj B v -  2 {A„!BV -  2)2
(=/ — 1 /2 )(J  -j- 1 /2 )(J  T  3/2) — 2p(y +  1/2)

and

e £ ( j , v ) = - 4g + 2p
A VI B V — 2 { A v j B v  — 2)2

(«7 — 1 /2 )(J  +  l /2) (  J  4- 3/2)

where p  and ç are the A doubling constants.

Table A .I. Summary of nitric oxide constants. From Goldman and Schmidt [8].

We = 1903.937
wexe = 13.970
Wg 2/e — -0.0037
We Zg = 5.0 x 10"5

# e  = 1.70488
« e  = 0.017554
Ae = 123.28
D e = 5.36 x 10“6
Pe = -2 .4  x 10-8
Xe — 0.256

P  = 5.876 x 10-3 cm
Q = 3.84 x 10~5 cm-
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