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ABSTRACT 

The concentration profile of the OH radical in a C0/H2/He vs. 

O^/He, laminar, opposed-jet diffusion flame was determined. Molecular 

absorption spectroscopy was used to study the Q^(2) through Qj^(6) tran

sitions of the (0,0) vibrational band in the ultraviolet system of OH. 

Peak absorptions of 5 to 15 percent were obtained with the 10-cm optical 

path length, resulting in calculated OH concentrations of 486 ppm at the 

lower limit of detection, to 1600 ppm at a plane in the flame slightly 

towards the oxidant side. The experimental results compare favorably 

with results from a computer simulation of a similar flame. Recommenda

tions on improving the detection system are also made. 

ix 



CHAPTER 1 

PUKPOSE AND SCOPE 

Combustion systems, by nature, contain highly reactive chemical 

species such as H, OH, and 0. These species are definitive in their 

effect on flame chemistry; in their absence, combustion of a fuel is not 

possible. In order to more completely understand the fundamental chemi

cal kinetic processes occurring in a flame, experimentally derived 

quantification of as many of these species as possible is desirable. 

The radical species H, OH, and 0 are the most important examples 

of transient species. Radical species are commonly defined as having 

one or more unpaired electrons. They are formed in excess of equilib

rium in the active combustion regions of the flame and diffuse into 

cooler regions where their high reactivity is used to initiate and prop

agate combustion. 

These transient species generally have lifetimes of milliseconds 

or less. Thus, they may not be extractively sampled, but must be mea

sured in situ. Spectroscopic methods have proven to be ideal in such 

applications. OH may be quantitatively determined by the well-known and 

straightforward procedure of absorption spectroscopy. The OH radical is 

of major importance as an oxidizing species and much spectroscopic data 

has been compiled on it. 

1 
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Spectroscopy is the study of the interaction of electromagnetic 

radiation with matter. In molecular absorption spectroscopy, radiant 

energy in the form of light is absorbed by a molecule. If molecular 

spectroscopic properties are known, the number of absorbers may be cal

culated from the measured attenuation of light due to absorption at a 

given wavelength. 

The laminar, opposed-jet diffusion flame (Hahn and Wendt, 1981; 

Corley, 1984) is in use in our laboratory as a tool for studying high-

temperature, atmospheric-pressure, physical and chemical processes 

occurring in flames. The flame (Figure 1.1) is one-dimensional in tem

perature, concentration, and reaction rates; and two-dimensional in 

radial velocity and pressure. It has advantages over premixed flames 

in that it consists of fuel-rich and fuel-lean zones of varying extents, 

it is suspended in space and free from direct burner surface heat loss 

and catalytic effects, and it is amenable to rigorous mathematical 

analysis. The opposed-jet configuration affords a flame which may be 

considered as a prototype model for laminar flamelets in turbulent 

diffusion flames. Its detailed structure has been modeled by coupling 

of the momentum and energy conservation equations, using detailed 

finite-rate combustion kinetics. 

The current focus of research in progress is on the mechanisms 

of formation of the primary pollutajat NO from chemically bound nitrogen 

in fuel. The overall scheme of the fate of fuel nitrogen is widely 

accepted; however, the detailed mechanisms are a subject of considerable 
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controversy. Experimental determination of [OH] will aid in the eluci

dation of the overall mechanism. 

The kinetic mechanisms of fuel nitrogen pyrolysis in very fuel-

rich environments may be the controlling factor in fuel NO formation. 

The opposed-jet flame, by virtue of its well-defined division of fuel-

rich and fuel-lean zones, is an ideal system in which to study fuel-rich 

kinetics. 

Prior to this work, capability existed for the determination of 

stable species concentration profiles by extractive sampling and analy

sis, and temperature profiles by thermocouple measurements. Knowledge 

of transient species concentration profiles would lead to better pre

dictability and greater accuracy of the model. 

The objectives of this project were: 1) to explore current 

techniques and furnish the laboratory with a knowledge of equipment, 

practical expertise, and theory; 2) to design a low-cost system for the 

optical detection of transient species; 3) to implement this system, in 

conjunction with the existing experimental system, for the determination 

of OH radical concentrations in the laminar, opposed-jet diffusion flame 

being studied in the laboratory; and 4) to make recommendations 

regarding future work in this area. 



CHAPTER 2 

BACKGROUND 

2.1 Chemistry of Free Radicals 

High-temperature chain reactions, in which free radicals take 

part, are classified as; 1) initiation reactions with high energies of 

activation, in which radicals are formed; 2) chain-branching reactions, 

in which combination of a radical with a stable species produces two 

chemically reactive species; 3) chain-propagation reactions, in which a 

radical and a stable species combine to form a different pair of 

species, one stable and one unstable; and 4) chain-termination reac

tions, in which the unstable species react to form stable species. 

These steps are detailed as follows: 

1. Chain initiation: 

H2O + M OH + H + M (R 2.1) 

©2 + M'^0+0 + M 

2. Chain branching: 

(R 2.2) 

O2 + H-e^ OH + 0 (R 2.3) 

H2 + 0-t-"^ OH + H (R 2.4) 

H2O + 0-^"^ OH + OH (R 2.5) 

3. Chain propagation 

H2 + OH-t-"^ H + H2O (R 2.6) 

5 
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4. Chain termination: 

OH + H + M -»• H^O + M (R 2.7) 

0 + 0 + M-)-02 + M (R 2.8) 

H + H + M-^-H^ + M (R 2.9) 

In the above reactions, M is a "third-body" species which acts to absorb 

(or give up) energy. 

The free radical species H, OH, and 0 are prevalent in many dom

inant fundamental reactions occurring in the flame. Under certain con

ditions, knowledge of the concentration of one of the radical species, 

along with knowledge of concentrations of appropriate stable species, 

may lead to an approximation of one or both of the other free radical 

concentrations. For example, in Kaskan's C1959) study of premixed 

Ti.^/flames, he assumed rapid bimolecular reactions (R 2.3-R 2.6) to 

be locally equilibrated, and deduced the concentrations of O2, 0, and H 

from measured H2, H2O, and OH, and known equilibrium constants. Use of 

the partial equilibrium assumption Ce*8* » Classman, 1977) resulted in 

2 
proportionalities between [0] and [OH] , [H] and [OH], and [©2] 

and [OH]^, 

The above is an example of the use to which a known OH concen

tration may be put. It may also be used to find rate constants which 

are not certainly known. Given a postulated reaction mechanism, it may 

be used to determine which reactions are dominant, or even feasible. It 

may also result in the calculation of the concentration of another 

species taking part in reactions which OH does not participate in, 

thereby giving information on reactions in which the unknown is taking 

part. 
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2.2 Flame Chemistry of Nitrogen Oxide 

Nitrogen oxide is formed during combustion from two sources: 

atmospheric nitrogen and fuel nitrogen. The chemistry of nitrogen oxide 

formed under fuel-lean and stoichiometric conditions by reaction of 

atmospheric nitrogen is well-known. The kinetics in this case are 

governed by the Zeldovich (1945) mechanism: 

0 + N2 ->• NO + N CR 2.10) 

N + O2 NO + 0 (R 2.11) 

It is thought to be the main source of NO in most combustion systems. 

In this case, NO is formed in the post-flame zone, as reaction (R 2.10) 

has a high energy of activation. For this reason, it is termed 

"thermal NO." 

Fenimore (1971) postulated that NO is also formed in the flame 

zone of hydrocarbon flames, and termed this NO "prompt NO." Fenimore 

thought it was formed through stable cyanide intermediates formed from 

hydrocarbon radicals, as: 

CH + N2 ̂  HCN + N (R 2.12) 

N would subsequently be oxidized, primarily by OH, in the post-flame 

region to form NO. 

Morley (1976), using a mass spectrometer to measure HON, NH^, 

and NO in fuel-rich flames, determined that HCN was the dominant nitrog

enous species leaving the primary reaction zone, regardless of whether 

the source of nitrogen was fuel or atmospheric. He also showed that the 

HCN measured in the reaction zone corresponded to the concentration of 

prompt NO measured downstream. 
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The superficial reaction mechanism for fuel nitrogen is gener

ally accepted as: 

,N0 

fuel-N -»• HCN ̂  NH^< (R 2.13) 

where is either N, NH, or However, there is still much 

debate on the detailed reaction schemt. Fenimore (1976), Morley (1976), 

and Haynes (1977a, 1977b) discuss postulated mechanisms and their o\m 

preferences, but the fundamental reactions in the conversion of fuel 

nitrogen to NO and N2 under fuel-rich conditions still must be consid

ered to be in doubt. A simplified reaction scheme for this system is 

given in Figure 2.1. As may be expected, the radicals H, OH, and 0 are 

prevalent in the fundamental reactions. Obviously, experimentally mea

sured OH would help clarify the situation. 

The laminar, opposed-jet configuration, with its well-defined 

fuel-rich zone, affords the type of analysis necessary for the determi

nation of the fate of fuel nitrogen at its earliest stages. 

2.3 Previous Literar.ure on Absorption 
by OH In Flames 

Due to the importance of OH in flame kinetics, its ultraviolet 

bands, which correspond to the transition of OH from its lowest elec

tronic state to its first excited electronic state, have been exten

sively studied. All information about them has been compiled by Dieke 

and Crosswhite (1962), who made accurate measurements of the over 1,500 

spectral lines emitted by the outer cone of an acetylene-oxygen flame, 

and calculated all band constants. Their report contains: 
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Figure 2.1 Simplified reaction scheme for conversion of fuel nitrogen 
to nitrogen oxide. — From Corley (198A). 
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1. A wavelength table of lines between 2811 A and 3546 A, listed by 

increasing wavelength, intensity, and notation. 

2. A wavelength table of the same lines listed by bands. 

3. A table of the spectral terms up to N = 32 for some bands, 

listed by vibrational levels v = 0, 1, 2, and 3 for both lower 

and upper electronic states. 

4. A table of transition probabilities and application of the iso-

intensity method for spectroscopic determination of temperature. 

5. The values of the molecular constants of both electronic states. 

6. An extensive set of references. 

Early spectroscopic studies of flames were done by studying the 

spectra of emitting atoms and molecules using a photographic emulsion to 

determine the wavelength dependency of emission of radiation. One of 

the first examples of using absorption spectroscopy in the study of OH 

radicals in flames was by Kostowski and Broida (1956). However, the 

focus of their work was on the determination of the temperature of the 

hot gases. 

One of the problems facing early researchers in this area was 

the design of burners amenable to spectroscopic studies (Gaydon and 

Wolfhard, 1948). Stable flames on premixed burners were too optically 

thin for study, except for instruments with very high resolving power. 

Also, flames were three-dimensional, and it was not possible to deter

mine the exact location of the emitters or absorbers. A mathematical 

method to deal with the latter problem is discussed later in this 

thesis. 
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Wolfhard and Parker (1949) overcame these difficulties by con

struction of a flat, two-dimensional diffusion flame with optical depth 

of 5 cm and a reaction zone 5-10 mm thick. Their first study on the 

subject, a study of the intensity of emission and absorption in an 

flame determined by exposure of a photographic emulsion, provided a 

qualitative view of the concentration of OH in the flame. Maximum con

centration of OH occurred coincidentally with maximum temperature. No 

attempt was made to quantify this concentration. 

In a subsequent study on the flat diffusion flame, Wolfhard and 

Parker (1952) quantified OH concentrations in various flames. The 

strength of absorption, as indicated by photographic exposure, was cali

brated in terms of OH concentration by use of a premixed flat flame of 

similar geometry. They calculated the OH concentration corresponding to 

its chemical equilibrium concentration in a region 1-2 mm above the 

inner cone of the premixed flame, where the temperature reaches the 

theoretical flame temperature corresponding to the mixture strength. A 

calibration curve was obtained by varying the stoichiometry of the flame 

from fuel-rich to stoichiometric, which results in a steep rise of OH 

towards the stoichiometric region. In their study, Wolfhard and Parker 

assumed the population of OH in various vibrational and rotational 

levels was constant over the range of temperatures (2500-3000 K) they 

encountered in their flames. They also assumed the factors contributing 

to the broadening of the absorption lines had negligible dependence on 

temperature. Maximum OH concentrations occurred slightly to the fuel-

lean side of the maximum temperature. 
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Kaskan (1957) developed a cooled, porous metal burner, which 

provided a flat, one-dimensional, stable, premixed flame. Flame temper

atures were determined by amount of cooling provided. Kaskan utilized 

the line absorption method, whereby the source of background radiation 

is the emission of OH in water vapor stimulated by a D.C. discharge of 

approximately 30 ma. This method provides narrow emission lines, which 

are then absorbed by the broader absorption lines at their line center. 

This method results in an easier analysis. The burner diameter in this 

study was 4.7 cm. Kaskan used a multipass optical scheme, to increase 

optical depth, for lines which showed weak absorption. For ^2^^2 

flames, Kaskan found that the OH concentration occurring near the flame 

zone was greatly in excess of equilibrium values, ranging from typical 

factors of 1000 for fuel-rich flames to about 50 for fuel-lean flames. 

Laud and Gaydon (1971) measured absorption of OH on flat, 

counterflow diffusion and Wolfhard-Parker type burners. Their counter-

flow flame is similar to the system in use in our laboratory. Burner 

separation of 1.2 cm gave the steadiest flat flame. The optical system 

consisted of a continuous source (150 W xenon arc lamp), a mechanical 

chopper, phase-sensitive detection used to discern signal from back

ground noise (flame emission and electronic noise), a 0.5-m mono-

chromator, and a photomultiplier tube. Details of analysis are sketchy. 

For an ethylene/oxygen flame with stoichiometric ratio 0.5, they report 

a maximum OH concentration of approximately 7x10^^ molecules/cc, corre

sponding to about 15 percent peak absorption at a point slightly removed 

toward the oxygen side from the point of maximum temperature. 
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Bulewlcz, Padley, and Smith (1970) determined the temperatures 

and concentrations of OH, CH, and in a premixed flame. The optical 

system consisted of a continuous source, mechanical chopper, 1-m mono-

chromator, photomultiplier tube, and phase-sensitive detection. All 

three diatomic species were evident In absorption, although it was 

necessary to increase the optical path length to 3.6 m to increase the 

absorption by C2 and CH to above 5 percent, which corresponded to con-

11 12 
centrations of about 10 -10 molecules/cc- C2 and CH were found to be 

in excess of equilibrium by several orders of magnitude in the flame 

zone. 

Schmidt and Malte (1976) studied the absorption of OH occurring 

in a turbulent, jet-stirred reactor. The optical system consisted of a 

continuous source, light chopper, sapphire windows for optical access to 

the reactor, and phase-sensitive detection. A multipass optical system 

was used to increase the depth of the 6-cm diameter reactor. The analy

sis of data in this report was rather rigorous, although, in the end, it 

was necessary to make some simplifying assumptions. Measurements of 

integrated absorption across resolved rotational lines resulted in cal

culated OH concentrations in the hydrogen/air and methane/air flames 

studied on the order of 10^^ molecules/cc. 

Certain conclusions may be drawn from these prior studies, and 

served as a guide for this study. The OH radical is easily studied in 

its ultraviolet electronic system utilizing the strongly absorbing (0,0) 

vibrational band of the electronic transition from its ground state to 
0 

its first excited state at about 3100 A. There are also other vibra

tional bands in this system observable in absorption-
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This spectral region Is free from transitions of other species 

which may occur in flames. Certain strongly absorbing lines in the 

rotational structure can be resolved by an instrument with moderate 

resolution, i.e., the monochromator presently in use in our laboratory. 

A xenon arc lamp is a suitable choice for the background radia

tion source. A premixed flame, in which one can reasonably calculate a 

priori OH concentration as a function of temperature and reactant mix

ture, can serve as a calibrating source. In this study, a premixed 

flame served as a means of checking the experimental set-up. 

For a reasonable path length (the opposed-jet burner diameter of 

10 cm is definitely reasonable), an OH concentration of approximately 

10^^ molecules/cc results in at least 5 percent maximum absorption in 

certain absorption lines. This concentration exists in most flames at 

near stoichiometric conditions. A maximum absorption of 10-15 percent 

is desirable, as this results in considerable simplification in treat

ment of data, i.e., the Beer-Lambert law may be used. Individual 
O 

absorption lines to be studied must be at least 1.0 A removed from each 

other to resolve the lines with the monochromator in use. This is due 

to the necessity of opening the slits of the monochromator wide enough 

to maintain a reasonable signal-to-noise ratio. 

2.4 Other Spectroscopic Methods 

Two relatively recent developments have revolutionized the art 

of spectroscopy: tunable lasers in the ultraviolet and visible regions, 

and high-resolution, two-dimensional array cameras. Most recent publi

cations in spectroscopic studies of flames have utilized one or both of 



these techniques. Combination of these techniques with large-scale com

putational techniques enables the researcher to make microscopically 

based studies of the extremely complex fundamental mechanisms in combus

tion chemistry possible. M extensive survey of laser techniques has 

been published by Crosley (1980). 



CHAPTER 3 

THEORY 

3.1 Introduction to Spectroscopy 

Spectroscopy is the study of the interaction between matter and 

electromagnetic radiation. In absorption, a photon of energy hcv is 

absorbed by a molecule in a particular quantum state of energy E". A 

transition to another state of higher energy E' is induced. In emis

sion, electromagnetic radiation is emitted by a molecule undergoing a 

transition from a quantum state with energy E' to a state with energy 

E". Conservation of energy leads to the relation: 

AE = hcv = E' - E" = ̂  (3.1) 
A 

-34 -1 where h = Planck's constant, 6.626x10 J-sec; v = frequency, cm ; 

c = speed of light, 2.998x10^^ cm-sec and X = wavelength of 

radiation, cm. 

In the transient diatomic molecules of interest in this study, 

energy may be considered to be absorbed in three modes: electronic, 

vibrational, and rotational. There are three types of spectra in corre

spondence with these modes: 1) rotational spectra, in which transi

tions take place from one rotational level to another while remaining in 

the same vibrational and electronic states; 2) rotation-vibration spec

tra, in which transitions take place from the rotational levels in a 

16 
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given vibrational level to rotational levels of another vibrational 

level in the same electronic state; and 3) electronic spectra, in which 

transitions from the rotational levels of the various vibrational 

levels of a given electronic state take place to the rotational and 

vibrational levels of a higher electronic state. Figure 3.1 illustrates 

these concepts. Therefore, equation (3.1) may be written: 

hcv = (E' ,-E" ,) + (E' .,-E" ,,) + (E' -E" J (3.2) 
el el vib vib rot rot 

where 

E' ,-E" , » E' ^^-E" » E' -E" 
el el vib vib rot rot 

The magnitude of hcv absorbed or emitted is governed by the type of 

transition involved. The electronic transition from ground electronic 

state OH to its first excited state is studied here. 

The electronic spectra of an acetylene/air flame is presented in 

Figure 3.2. The dominant feature is the vibrational band of OH centered 
O 

around 3064 A. This represents the (0,0) vibrational band, i.e., the 

transition occurs between vibrational states v' = 0 and v" = 0. Within 

this band, fine structure which corresponds to changes in rotational 

states can be detected. 

In order to interpret the discretization of energy, the diatomic 

molecule has been modeled as having the ability to attain only certain 

"stationary states" (e.g., Herzberg, 1971). 

The wave function is considered to define the properties of a 

molecule. The wave function of a system of particles (nuclei in a mole

cule) is a function of their coordinates and represents a probability 

distribution of finding a molecule at those coordinates. An n particle 
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Figure 3.1 Vibrational and rotational levels of two electronic states, 
A and B. -- The three double arrows indicate examples of 
transitions in the pure rotation spectrum, the rotation
vibration spectrum, and the electronic spectrum of the 
molecule. From Herzberg (1971). 
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system results In 3n coordinates. If the molecular electrons possess a 

spin, the spin coordinates also contribute. For the allowed quantum 

states of a molecule, the wave function is the solution of the 

Schradinger equation for the model. 

Since the energy of a molecule may be approximated as the sum 

of three energies, the wave function of a molecule may be considered as 

the product of three separate functions: 1) a function of the coordi

nates and spin of the molecular electrons only, 2) a function of the 

separation of the nuclei, and 3) a function of the angle of the straight 

line joining the nuclei with a fixed direction. 

The state of a molecule is specified by a set of quantum numbers 

which describe the allowed vibrational, rotational, and electronic 

states of the molecule. Absorption or emission of radiation causes a 

change in the set of quantum numbers. Allowable changes in quantum 

states, governed by the so-called "selection rules," are given in terms 

of quantum numbers. The selection rules pertaining to these molecular 

transitions are given in any fundamental text on molecular spectroscopy, 

e.g., Herzberg (1971) and Steinfeld (1974). 

The observed intensity of a transition obviously is dependent 

on the number of absorbers in the lower state of the transition in 

absorption, or on the number of emitters in the upper state of the tran

sition in emission. The intensity of a transition is also dependent on 

on V, the frequency at which the transition occurs, as defined by the 

Franck-Condon principle (Herzberg, 1971). 

The basis of this principle is that, in an electronic transi

tion, the quantum jump from one electronic state to the other is very 
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fast compared to the motion of the nuclei. During the electronic tran

sition, the nuclei do not change their positions, and are now resident 

in quantum states with quantum numbers corresponding to the spatial 

coordinates of the nuclei in the new electronic state. In quantitative 

tems, transition probability depends on the "overlap" of the vibra

tional wave function of the initial and final states (see Figure 3.3). 

In quantitative absorption spectroscopy, one or more of the 

wavelengths at which a transition occurs is monitored. Measurement of 

the attenuation of intensity of the background radiation source due to 

absorption at these wavelengths, combined with known spectroscopic con

stants of the molecule, will yield an equation for the calculation of 

the number of absorbers resident in the lower state of the transition. 

The relative distribution of molecules within the rotational, 

vibrational, and electronic states as a function of temperature is gov

erned by the Boltzmann distribution. Experimentally determined distri

butions give rise to the notion of spectroscopic temperatures, whereby 

the distribution is fit to Boltzmann statistics, yielding the tempera

ture at which the populations are in thermal equilibrium. 

3.2 Absorption Lines and Absorption Coefficient 

When parallel light from a continuous source is passed through a 

medium containing atoms or molecules which have allowed energy transi

tions corresponding to frequency VQ, the intensity of the transmitted 

light has a frequency distribution as shown in Figure 3.4. 

This gas, then, has an absorption line at frequency VQ. The 

absorption coefficient of the gas is defined by the equation: 
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Figure 3.3 Potential curves and wave functions of the vibrational 
states explaining the wave-mechanical form of the Franck-
Condon principle. — The potential functions of the upper 
and lower states are assumed to have such a relative posi
tion that the best overlapping of the wave functions occurs 
for v" = 0, v' = 2. From Herzberg (1971). 
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Figure 3.4 Frequency distribution of transmitted light. 
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I(v) = IQ(V) exp [-k(v)J l ]  (3.3) 

where I (cm) is the optical depth of the gas. The absorption coeffi

cient, kCv), depends on the properties of the absorbing gas and fre

quency V. The frequency dependency of kCO) Is shown in Figure 3.5. 

The distance between the two points on the curve at kCv) = 

k is defined as the half-width of the absorption line and is 2 max 

denoted as Av. The integral of kCv) over the spectral range of the line 

is termed the integrated absorption, K: 

K = / k(v)dv (3.4) 
line 

and is proportional to the product of the number of absorbers in the 

lower state of the transition and the oscillator strength of the absorp

tion line. The oscillator strength is related to the transition proba

bility as discussed in the Franck-Condon principle. The relationship 

is: 

2 
K = ̂  Nj„f^2 = 2.653x10"-^^ 

mc 

_3 
where N^,, is the number of absorbers in lower state J" (cm ); f ̂̂ 2 

the absorption oscillator strength of the line; and m and c are the mass 

and charge of an electron, respectively. 

As indicated by Figure 3.5, absorption lines show a definite 

width and shape. Only a dispersing instrument with infinite resolution 

could give the true shape of the line. Lines are generally character

ized by their half-width, Av. 

The relevant phenomena at atmospheric pressure responsible for 

the width and shape of the absorption line are classified as follows: 
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•V 

Figure 3.5 Frequency dependence of k(v). 
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1. Doppler broadening — result of the relative motion of the 

absorbers and the observer. 

2. Natural broadening — associated with the radiative lifetime 

through the Heisenberg uncertainty principle. 

3. Lorentz broadening — result of collision with nonabsorbing 

molecules. 

These phenomena are independent of each other, and may be composed by 

convolution. The result is Voigt's distribution (Mitchell and 

Zemansky, 1934). 

Given the broadening parameter, which relates natural, Lorentz, 

and Doppler broadening, one may calculate the shape of a spectral line. 

Experimentally determined values of the broadening parameter, as a func

tion of temperature and pressure, are available in the literature 

(Nadler and Kaskan, 1970). 

3.3 Distribution Laws 

It has been stated that the integral of the absorption coeffi

cient over a spectral line is proportional to the number of absorbers 

resident in the lower quantum state corresponding to that transition. 

Assumption of thermal equilibrium allows the use of the Boltzmann law to 

determine the absolute number of molecules of a species from knowledge 

of the number of that species in a known quantum state i. This relation 

may be written as: 
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where is the statistical weight of state i, is the energy of 

state i, k is the Boltzmann constant, and F(T) is determined by 

expressing N as the sum of N: 

N = I Ni = I g^[exp( ) ] (3.7) 
1 i 

-E. 
F(.T) = I gj^[exp( ̂  ]] (3.8) 

Therefore: 

-E, 
§4[exp ( 

i 

The population distribution in rotational states of a given 

vibrational state is given by equation (3.6), where the rotational 

energy is represented as E^. The degeneracy of the state is equal to 

(2j" + 1). Rotational term values corresponding to rotational energy 

are denoted as F(J") (cm ^); 

F(J") = (3.9) 

where J" is the rotational quantum number of the absorbing state. The 

term value is dependent on the rotational quantum number of the lower 

energy state and the rotational constant of the molecule. The normali

zation factor, F(T), is, in this case, the rotational partition 

function, Q 
' ̂rot 

The population distribution in vibrational states is also given 

by equation (3.6). In this case, E^ is the vibrational energy of 

absorbing state v".. The degeneracy in all vibrational states is 1. The 

relationship between the energy level and the vibrational term value is: 

E „ 
G(v") = (3.10) 

he 
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The vibrational term value is dependent on the vibrational quantum num

ber of the absorbing state, v", and the vibrational constant for the 

molecule. In this case, the normalization factor is known as the vibra

tional partition function, 

Combination of the above relations yields an equation enabling 

one to calculate N, the absolute number of molecules in the ground elec

tronic state, as the product of a set of spectroscopic constants and an 

experimentally derived quantity, K, the integrated absorption. 

3.4 Definitions and Development 
of Basic Equation 

It was stated in section 2.2 that, when parallel light from a 

source emitting continuous radiation is sent through an absorbing 

medium, the intensity of transmitted light, I (v) ,  will have a frequency 

distribution according to the equation: 

I(v)  =  IQ(V) exp [-k(v)S, ]  (3.3) 

for sufficiently weak IQ(V). 

The following presentation of theory will develop the phenomeno-

logical relationships between spectroscopic constants and the experimen

tally determined absorption coefficient. Rigorous and precise develop

ment of theory may be found in various fundamental texts on molecular 

spectroscopy (e.g., Mitchell and Zemansky, 1934; Penner, 1959; Herzberg, 

1971; Steinfeld, 1974). 

This development requires definition of the so-called Einstein 

probability coefficients; 
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~ probability (per second) that the atom or molecule in 

state 1, exposed to isotropic radiation of intensity and 

frequency between v and v + dv, will absorb a quantum hcv 

and pass to state 2. 

= probability (per second) that the atom or molecule in 

state 2 will spontaneously emit, in a random direction, a 

quantum hcv and pass to state 1. 

= probability (per second) that the atom or molecule will 

undergo the transition from 2 ->• 1 when it is exposed to iso

tropic radiation of intensity and frequency between v and 

V + dv, thereby emitting a quantum in the same direction as 

the stimulating quantum. 

In the consideration of two levels coupled by an allowed transi

tion, it is seen that the rate of transitions from the lower level to 

the upper level is equal to that the rate of transitions 

from the upper level to the lower level is equal to ^2(82^!^ + A2^)• At 

equilibrium, these two rates are equal to each other. Through 

Boltzmann's law and Planck's black-body law, it is seen that these con

ditions must be met (Mitchell and Zemansky, 1934): 

gj 

Aji- (5^)(|)B2i (3.12) 

In this treatment, the B coefficients are defined in terms of 

radiation intensity, I^, and have units of time/mass. In the original 
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development by Einstein, B coefficients were defined in terms of spec

tral density, p(v), and have units of length/mass. Therefore, 

B^= (f)B^ 

Equation 3.3 was derived from the differential absorption law: 

- dl(v) = IgCv)kCv)dJ!, (3.13) 

Equilibration of the rate of energy removal from the light beam to the 

net rate of the product of the upward transitions and energy per 

quantum, hv, leads to: 

- dtl(v)6v] = " N^hcvB^^^l(v)d2, (3.14) 

where Av is the frequency range over which the molecules in levels 1 

and 2 can absorb or emit. Molecules undergoing spontaneous emission are 

neglected, as this emission occurs in all directions. 

Assumption of constant v over width of line, and rearrangement 

of equation (3.14), gives: 

liir ̂  

If N2 << N^, true for hv >> kT, and Ig(^) sufficiently small so that 

equilibrium populations are not significantly perturbed, populations in 

in may be neglected. Integration over the absorption line leads to 

the following equation for ^^2' 

/ k(v)dv 
_ line ®1 . /-o i£s 

TO *> 0 0 01 (3. lo) 12 - 2. 2 2 g 21 
8IT VQ e 

Another measure of absorption is the oscillator strength, 

defined as: 
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A  c q  1 7 \  Aft-12 o 2. 2 2 g, 21 8IT e ®2 

Substitution of 8^2*^ ^21' integrated absorption for ' 

leads to: 

2 
/ k(v)dv = ^N^f^2 ^3.5) 
line mc 

For purposes of clarity, the oscillator strength will henceforth be 

referred to as f „ 
J vJ 

For the OH molecule, the oscillator strength, fjuji related 

to the band oscillator of the rotationless molecule f^n^t ^7 the 

equation (Anketell and Pery-Thome, 1967) : 

/ v"v' 1 r J"J' n,j, (3.18) 
tjMj. I 4 ^ (2J"+1) 

where S „ , is the theoretical rotational line strength, T is the 
J J J J 

vibration-rotation correction factor (both tabulated in Dieke and 

Crosswhite, 1962), and J" is the rotational quantum number of the 

absorbing state. Although the exact value of is under debate, 

most researchers agree on the approximate value of 9.6x10 (e.g., 

Schmidt and Malte, 1976). 

The distribution laws give the relationship between the number 

of absorbers in the particular quantum states and the absolute concen

trations in all states. The equation relating N with the absolute 

concentration NQ is: 

N M = [N ] exp {- [F(J) + G(v)] g \ (3.19) 
^rot^vib 
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A description of and were given in section 3.3. 

Exactly, the values of the partition functions are: 

-hcF(J) 

Qrot = I h t ^ 

-hcG(v) 
Qvlb - I I „ 1 (3.21) 

where the index i refers to all the rotational and vibrational levels; 

and F(J) and G(v) are the rotational and vibrational term values, 

respectively. The following approximations are commonly made: 

(3.22) 
a 

-hcod^ 
VB - !1 - ( -jjJi ) 1 (3.23) 

where is the rotational constant of a particular electronic state and 

and UQ is the vibrational constant of that state. Spectroscopic con

stants and other pertinent constants are given in Appendix A. The 

2 
factor 3.96 arises in due to lamba- and spin-doubling of the i r  

electronic of ground state OH (Anketell and Pery-Thome, 1967) . The 

rotational and vibrational term values of the OH molecule are taken from 

Dieke and Crosswhite (1962). 

Combination of equations (3.16) through (3.23) results in the 

following equation relating the integrated absorption to the number 

density in the ground state: 



-2 t 

line mc Q ^Q jv 
^rot vib 

e.p { - I (3.24) 

3.5 Voigt Profile 

Absorption lines are not infinitely narrow, but exhibit depth 

due to broadening. The broadening factors which affect the absorption 

coefficient have been discussed in section 3.2. The relations for these 

factors are (Mitchell and Zemansky, 1934): 

1. Doppler broadening: 

2. Natural broadening: 

% - ̂  
3. Lorentz broadening: 

Av^=|^ (3.27) 

where M is the molecular mass and Z is the collisional cross-section. 

Of the above, only Av is not available by a priori calculation. 
Ij 

However, it may be calculated by its relation to the other factors 

through the broadening parameter, a, which has been correlated empiri

cally as a function of temperature and pressure. Often, if a researcher 

has an adequate optical system, the broadening parameter is determined 

experimentally from the "curve of growth" technique (Penner, 1959). 
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In the case of broadening effects due to the aforementioned fac

tors, the absorption coefficient is given by Mitchell and 

Zemansky (1934): 

/line f ».28> 
-«> a + (oi-y) 

where 

+ Av.  
a = 

""D 

I  +  Av /— 
./iiTT = 450 A 

Av„ / T 

(v-Vq) 2i/in~2 
0) = — 

26van2 

S • 'A "J-'J-J-
D mc 

where 6 is a variable distance from (v-VQ). There are a number of 

recent publications concerning numerical approximation of the Voigt pro

file, applicable to hand-held calculators (Sulzmann, 1983) or micro

computers (Whiting, 1968; Drayson, 1976). 

3.6 Slit Function Effects 

As a spectral line is observed by a spectrometer, its shape is 

distorted by the instrument. The poorer the resolution of the instru

ment, the greater the distortion. In this case: 

/ o(v,x) exp [-kCx)J.]dx 

I(v) = IQ(V) exp [-k(v)Adv] = ̂  / a(v.x)dx 

(3.29) 
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where o(v,x) is the slit function at frequency v,  and represents the 

intensity of radiation as a function of frequency transmitted by the 

spectrometer when the latter is on v. 

The slit function may be calculated and applied to the observed 

absorption line shape as a correction (Hardy and Young, 19A9; 

Kowstowski and Bass, 1956). It is also possible to empirically deter

mine the slit function by using a line source, e.g., a mercury lamp. 

Often, an effective spectral line shape is assumed; most commonly, a 

triangular slit function is used. 

3.7 Application to System 

The above discussion entails the correct means to determine 

spectral line shapes measured in absorption. Integration of the resul

tant absorption coefficient, corrected to fit the Voigt profile and for 

slit width distortion, will avail the calculation of absolute concentra

tion of the absorbing species and spectroscopic temperatures if thermal 

equilibrium holds. 

The limitations of our optical system, however, deem another 

approach. The greatest spectral resolution possible with the 0.35-m 

monochromator with the diffraction grating in use is approximately 
e 

0.3 A. An adequate signal-to-noise ratio requires the slits open to 

about 50 ym for the opposed-jet optical system, resulting in resolution 

° -1 
of about 1.3 A (14.7 cm ). 

To simplify the data reduction scheme, the following assumptions 

are made: 
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1. For an optically thin medium, i.e., short optical path length 

and low absorber density, which results in peak absorption of 15 

percent or less, the "weak line" approximation may be made by: 

ij k(v)dv = / [ " ]dv (3.30) 
line line "^0^ ^ 

2. When the exit and entrance slits of the monochromator are equal, 

the slit function may be assumed to be triangular. Thus, the 

observed spectral line will take a triangular shape. 

3. If the spectral slit width is large compared to the actual width 

of the absorption line, it may be assumed that, at line center, 

the absorption line lies entirely within the spectral slit 

width. 

When these conditions hold, the following equation relating peak 

absorption to integrated absorption may be derived (Bleekrode and 

Nieuwpoort, 1965; Jessen and Gaydon, 1969; Bulewicz et al., 1970): 

I (v)-I(v) 
[ " .-s ] ^ / k(v)dv (3.31) 

IQ(V) peak Av 

where Av is the spectral slit width, approximately 14.7 cm ^ in this 

study. 

Equation (3.24) is used to determine the rotational temperature 

at a plane in the flame. In an isothermal region (the optical path 

length), where the absolute number of OH is constant, equation (3.24) 

may be rearranged to give: 

I k(v)dv 

in [ 1 -  - 1 ] (3-32) 
J"J' J"J' 



A plot of: 

IQ(v)-I(V) 

^ IQ(^) ^peak ̂  [F(j")+GCv")]hc 

results in a straight line if thermal equilibrium holds. The slope of 

the line is equal to The temperature calculated in this way is the 

rotational temperature. 



CHAPTER 4 

EXPERIMENTAL 

4.1 Flame Systems 

The laminar, opposed-jet diffusion flame, associated gas flow 

and analysis systems (Figures 4.1 and 4.2), and operating procedures 

have been described in detail elsewhere (Hahn and Wendt, 1981; Corley, 

1984). A brief description of the system is given here. Burner 

diameter is 10 cm. Burner spacing of 3.20 cm has been shown to provide 

steady flames. Stable species profiles are determined by extractive 

sampling, then gas analysis. Kinetic temperatures are measured with 

R-type thermocouples (Pt vs. Pt/13%Rh), and corrected for radiation. 

The diffusion flame is quite steady. One-dimensionality has 

been shown to exist over at least 60 percent of the optical path length 

across the burners. The steadiness and homogeneity of the path length 

are significant since absorption is a line-of-sight measurement and 

flickering will lead to unsteady, Schlieren-type deflections of the 

beam. 

The flame studied consisted of the following gas flows: 

1. Top burner (gas velocity = 7.78 cm/sec): 

CO 6.99 1/min 18.46% 

2.94 1/min 7.78% 

He 27.92 1/min 73.76% 

38 
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SAMPLE 
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Figure 4,1 Schematic of analysis train. 
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Figure A . 2  Combustor and feed lines. 

o 



41 

2. Bottom burner (gas velocity = 4.96 cm/sec) : 

O2 10.40 1/min 43.14% 

He 13.71 l/min 56.85% 

A premixed flame (Figure 4.3) was originally intended to serve 

as a calibration source. The 18-cm long burner cylinder was made of 

stainless steel and filled with glass beads to randomize gas flow. The 

flame was stabilized on a stainless steel grid sitting on a porous metal 

disc. The burner diameter was 5.5 cm, which was also the optical path 

length. 

The premixed burner was placed inside a quartz chimney 65 cm 

high and 18 cm in diameter. The chimney was topped with an asbestos pad 

with a 3-cm hole in its center. Two 0.5-cm holes were formed in the 

chimney opposite each other to provide optical access. The burner was 

secured to a jack stand so that optical measurements could be taken at 

any height from the burner surface to 2 cm above the burner. 

An R-type thermocouple with a 10-mil bead provided temperatures 

at the optical plane. The temperatures were measured close to the 

center of the burner. 

A near stoichiometric methane/air mixture was provided to the 

burner at a rate of 35 cm/sec. The methane flowed through a gas regu

lator and a rotameter at 4.79 1/min. The air was supplied from a com

pressor in the building through a 1/2-in. line. The amount of air 

required precluded use of any regulation except for the valve at the end 

of the line. Gas flows were measured by a wet-test flowmeter at the 

beginning and end of each run. Purge helium provided a semi-inert 
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Figure 4.3 Premixed flame for optical studies. 
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atmosphere; no extraordinary measures were taken to ensure an airtight 

system. 

4.2 Optical System 

A schematic of the final design phase of the opposed-jet optical 

system is shown in Figure 4.4. Light from the arc lamp, collected and 

focused by a condensor assembly on the lamp housing, was chopped by a 

mechanical chopper and split by a fused silica flat. All optics must be 

of ultraviolet grade. Approximately 5 percent of the incident light on 

the flat was reflected and sent off at an angle to a silicon photodetec-

tor, which provided timing signals and monitored changes in beam inten

sity from the arc lamp. The remainder of the light was directed verti

cally by a mirror to another mirror. The second mirror reflected the 

beam horizontally through the combustion regions of the flame, where it 

was received by a light baffle/optical fiber bundle system (Figure 4.5). 

The mirror/baffle/bundle system was secured on an aluminum mount, 

attached to a micromanipulating device. This allowed a vertical scan of 

the flame. 

The optical system for the premixed flame was similar, except 

that light transmitted through the beam splitter went directly through 

the flame region to the light baffle. 

The attenuated beam was transmitted through the optical fibers, 

where it exited and was focused on to the entrance slit of a scanning 

monochromator. The intensity of diffracted radiation was detected by a 

photomultiplier tube contained in a radio frequency-shielded, light-

shielded housing (Pacific Instruments, 3150). 
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Figure 4.4 Final design phase of opposed-jet optical system. 
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Figure 4.5 Light baffle/fiber optic system. 



46 

The output of the photomultiplier tube (pmt) was amplified and 

sent through the detection electronics, where boxcar integration and 

analog averaging were done on signals from both the pmt and silicon 

detector. A ratiometer provided voltage representing I/Iq< This 

voltage was sent to an analog recorder, which provided a record of 

absorption vs. wavelength. 

Each of the components in the optical system, and any associated 

operating procedures, is now discussed in detail. 

4.2.1 Arc Lamp Source 

A 75 W, xenon arc lamp source (Oriel, 6301) with condensing lens 

assembly (Oriel, 6304, UV grade) provides a stable (less than 1 percent 

rms ripple) output of continuous radiation in the ultraviolet region. 

The intensity of radiation smoothly increases with increasing wavelength 

in the ultraviolet, but may be considered constant over the width of an 

absorption line. 

The arc lamp (Osram, XB075W/2) is a low power source compared to 

other sources typically used in absorption experiments discussed in the 

flame literature. This source has the following advantages over larger 

lamps: 

1. The lamp is more stable, exhibiting less ripple and long-term 

drift. 

2. The arc lamp source (lamp, power supply) is much less expensive 

than larger sources. 

3. The arc itself is small (effective arc is 0.25x0.5 mm) and is 

2 
actually brighter (400 CD/mm ) than larger sources typically 
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used. This is a great advantage considering the sample cross-

2 
section (approximately 0.8 mm ) Is desired to be small. In 

effect, the use of larger sources would waste light. 

The lamp exhibits maximum stability when operated between 5.0 

and 5.2 amps. Lamp ignition requires an extremely high (20-30 K) volt

age; safety precautions indicated In the manual should be adhered to. 

It was believed that the igniting voltage pulse train damaged 

op-amps in the near vicinity of the lamp. For this reason, ignition 

capacitance was decreased, which shortened the ignition time. Also, 

supply voltage to the power supply was changed to 220 V, which allowed 

the power supply an Isolated wall outlet of its own. As a precaution, 

any sensitive electronic devices, especially those containing op-amps, 

were turned off during ignition. 

The lamp was susceptible to variations in temperature, resulting 

in ripple or arc wander; for this reason, convective cooling was pro

vided in the lamp housing. It was observed that, after about 3 hours of 

operation, arc wander increased; for this reason, it is advised to plan 

runs of under 3 hours. 

4.2.2 Mechanical Chopper 

The chopping apparatus consisted of a 20-aperture, chopping 

blade (Princeton Applied Research, 2517-0341) drived by a 0.1-hp, 

A.C./D.C. motor (Grainger, 2M037) regulated by an adjustable electronic 

speed control (Grainger, 4X796). The motor produced considerable elec

tronic noise; therefore, it was enclosed in an aluminum box. 
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The chopping frequency was predetermined as 200 hz. This fre

quency was chosen because it provided adequate averaging (average rate = 

80 sainples/0.4 sec), and would be within "safe" operating limits of the 

chopper and electronics. Detection electronics were designed on this 

premise. Optimal chopping frequency lies within an area with a lower 

limit of period equal to 5 msec and upper limit of period equal to 

7 msec. In the course of an experiment, the optimum was found by 

observing the gating signal (during which integration of signal occurs) 

and waveforms from the pmt and silicon photodetector simultaneously on a 

dual-trace oscilloscope (.Tektronix, 453A). Minimum noise was accom

plished with the gating signal lying entirely within the waveform from 

the photodetector, and centered as nearly as possible to the center of 

the waveform from the pmt. 

Small variations in chopping frequency presented problems. This 

proved to be a limiting factor in chopping speed. This could be 

resolved by the use of a synchronous motor. A change in height of the 

baseline was symptomatic of this problem. 

4.2.3 Beam Splitter 

All lenses exhibit a certain amount of non-transmissivity, 

dependent on the angle of incidence and index refraction of the lens. 

This was used to an advantage in this application. A fused silica flat 

(Rolyn Optics, 55.4150) reflected about 5 percent of incident light in 

the wavelength region of interest, thereby accomplishing the same thing 

a much more costly beam splitter does. 



49 

4.2.4 Silicon Photodetector 

An ultraviolet-enhanced, photoconductive, silicon device (EG&G, 

HUV lOOOB) provided the means of measuring unattenuated (no absorption) 

radiation intensity, and also waveforms for the production of gating 

signals. 

The photodetector collected chopped light reflected off the 

quartz flat. External, adjustable offset and amplification were pro

vided. The optimal combination of these adjustments with the adjustment 

of chopping frequency resulted in an optimal signal-to-noise ratio. 

The gated integrators in use operate optimally when the input 

voltage is approximately 1 volt. A shape close to a square wave will 

provide the best results; this may be achieved by focusing the beam down 

to a point much smaller than the chopper aperture. 

4.2.5 Mirrors 

The mirrors used were ultraviolet-quality, aluminum-surfaced 

(Newport Corp., 10D10AL.2), and were mounted on either five-axis micro-

positioners (Newport Corp., LP-1-05B) or mirror mounts (Newport Corp., 

MM-1). The first mirror reflected a horizontal beam 90 degrees to ver

tical. The second mirror, mounted on a micropositioner mounted on a 

yoke apparatus attached to the micromanipulator, reflected the vertical 

beam 90 degrees to horizontal, across the flame on to a baffling device. 

4.2.6 Light Baffle 

After the light passed through the flame, it entered the 

machined aluminum light baffle. The opening of the baffle was 3 mm. 

The length of the baffle was 10.0 cm, and painted black on the inside to 
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absorb light. The ferrule of the entrance portion of the fiber bundle 

was fixed to an extension of the light baffle. This arrangement defined 

the light area incident on the fibers, and served to minimize stray 

light. 

The diameter of the beam of light entering the flame decreased 

from about 25 mm at the lamp to 4 mm at the entrance of the light 

baffle, over a distance of about 1800 mm. This results in an average 

beam diameter of about 3.4 mm through the flame. However, most of the 

Intensity of the light beam was concentrated in the image of the arc, 

which made up only a fraction of the area of the light beam. For this 

reason, spatial resolution was not calculable a priox'i, but was deduced 

from differences in measured absorption at various heights in the flame. 

The baffle/fiber bmdle ferrule was screwed into a five-axis 

positioner, which provided fine positioning. The positioner was mounted 

on to a yoke apparatus, which, in turn, was connected to a micromanipu-

lating device. The aim of this was to make the optical system as mono

lithic as possible, thus minimizing the effect of any physical 

perturbations. 

4.2.7 Optical Fiber Bundle 

The fiber bundle (Maxlight) was utilized to transfer light to 

and from inaccessible regions of the combustion/optical system. The 

stainless steel-sheathed bundle was 1 mm inner diameter, with 0.2-mm 

diameter, fused silica fibers. Although the attenuation of light is 

rather high at the operating wavelength (approximately 40 percent at 
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300 nm), It was believed that the advantage, i.e., no need to maintain 

precarious optical alignment, outweighed this factor. 

The fiber bundle was circular at the entrance and arranged in a 

rectangle (0.2x4.3 mm) at the exit. The purpose of this was to increase 

the light coupling efficiency between fibers and monochromator, which 

has a rectangular slit. The exit end of the bundle was mounted on a 

mirror mount, which allowed fine pitch and yaw adjustment. 

4.2.8 Optical Fiber Bundle/Monochromator 
Coupling Optics 

Light exits the fibers at a 15-degree half-angle (F number = 2). 

The monochromator has collection optics with F number of 6.8. If the 

light output from the fiber was a point source, the solution of how to 

couple the fiber output to monochromator input would be trivial. How

ever, the output of the fiber bundle is a collection of point sources; 

this complicated things considerably. This problem was solved 

empirically. 

A nvimber of lenses of varying focal lengths were borrowed. Var

ious permutations of different lens combinations and distances between 

objects and images were tried, and the arrangement which yielded maximum 

light output was chosen. This optical arrangement is shown in 

Figure 4.6. 

If the lenses were achromatic (they were not), the focal point 

of all wavelengths would be the same. It should be noted that the focal 

point as determined by the human eye may not be the focal point of 

ultraviolet wavelengths of interest in this study that the eye is not 

sensitive to. 
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4•2.9 Monochromator 

The instrument (GCA-McPherson, EUE-700) was a scanning, single-

pass, Czemy-Tumer type. The F number of the collection optics was 

o 
6.8. Spectral half-width with 5-vim entrance and exit slits was 0.3 A. 

o 
The grating had 1180 lines/ram, and was blazed at 2500 A. The efficiency 

o 
of the monochromator at 3000 A was about 50 percent. 

The slit width of the monochromator which afforded the best com

bination of resolution ^d signal-to-noise ratio was determined as 35 um 

for the premixed flame and 50 jam for the opposed-jet flame. This 

o 
resulted in respective spectral half-widths of 0.8 and 1.3 A, which 

allowed resolution in the strongly absorbing Q^(2) , Q^C3) , , Qj^C5) , 

and Qj^(6) rotational lines. The scan speed of the monochromator was set 

o 
at the slowest speed (0.05 A/sec). The monochromator was wavelength-

calibrated, and its spectral half-width determined by use of a mercury 

pen lamp (BHK Inc., 98-0010-01). This lamp put out three Hg emission 

lines of known intensity in the region of interest. 

4.2.10 Photomultiplier Tube 
and Power Supply 

The photomultiplier tube (pmt) is a 1-1/8 in., side-on type 

(Hamamatsu, R928). The spectral response range was 185-920 nm, with 

peak response at 400 nm. The anode sensitivity was 6.8x10^ A/W. The 

gain was 1.0x10^. Typical dark current was 10 na. The equivalent noise 

input (ENl), i.e., the spectral radiation required to provide a signal-

to-noise ratio equal to 1 when only noise inherent in the pmt is pres

ent, was approximately 10 W. 
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The tube was chosen because of its high quantum efficiency in 

the region of 300 nm and its low ENI. Preliminary calculations showed 

-13 
light reaching the pmt would be on the order of 10 W. It was assumed 

that the pmt has a linear response to light in the region of 310 nm. 

The power supply (Pacific Instruments, 204) was a highly regu

lated, high-voltage power supply. Low ripple and noise are critical in 

this application. 

The pmt was rated at a maximum of 1250 volts. It was recom

mended that the operating voltage be on the order of 200 volts less. In 

fact, in the course of experimentation, the optimiim operating voltage 

was found to be between 650 and 800 volts. 

4.3 Detection Electronics System 

The detection system, as was stated earlier, utilized boxcar 

integration and analog averaging. An outline of the detection scheme is 

given in Figure 4.7. A detailed schematic of the circuit design is 

given in Figure 4.8. A layout of the main circuit board is given in 

Figure 4.9. The system was a combination of home-built circuits and 

off-the-shelf, plug-in modules. Schematics and calibration procedures 

for the modules were provided by the manufacturer and are present in the 

laboratory. 

As is seen from the outline, signals from the pmt and silicon 

photodetector were amplified (Burr-Brown, INAIOIAM) and sent to gated 

Integrator modules (Evans Associates, 4130). The integrators received 

gating signals of 1 msec duration from a programmable, time-delay 

module (Evans Associates, 4141-3). Integration of signal proceeded 
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during open-gate intervals, i.e., when the integrator was receiving a 

gating signal. During closed-gate intervals, the integral (output of 

the integrator) was held constant. Utilizing external reset, the 

module was used in boxcar mode, whereby the integrated voltages were 

continuously added. In effect, the output of the integrator was the 

average of the integrated signals. 

The gating signals were generated from the programmable, time-

delay module. The module generated a time-delayed pulse following a 

trigger pulse applied to the time-delay module. The width of the time-

delayed pulse was externally adjustable from 0-1.5 msec; the length of 

the delay was fixed. The width of the pulse was limited by the chopping 

frequency. Integration of as much of the signal as possible was 

desired. A 1 msec width was found to be about optimal at 200 hz. 

The triggering pulse to the time-delay module arose from the 

positive-going waveform of the output of the amplified signal from the 

photodetector. The delayed trigger pulse was applied to the module 

after the signal passed +0.5 volts. Obviously, the waveform must be 

less than +0.5 volts at its minimum, and more than +0.5 volts at its 

maximum. A square wave was desired to reduce the effects of jitter. 

The offset and amplification of the photodetector signal deter

mined the placing of the gating signal. Offset resulting in a more 

positive signal had the effect of the waveform attaining +0.5 volts 

sooner, resulting in a relatively early gating signal. A more negative 

signal had the opposite effect. In this way, the gate sent to the inte

grator which integrates the pmt signal was placed at the point which 

optimized the ultimate signal. The gate sent to the photodetector 
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integrator must lie safely within the waveform from the photodetector. 

Typically shaped waveforms are shown in Figure 4.10. It is seen that 

the relative placement of the gate within the waveform from the photo-

detector is not critical, as the voltage was constant at the minimum and 

maximum for a long time relative to the duration of the gates. 

A circuit counted the number of gates generated. After 80 

gates, a signal was sent to sample/hold circuits to sample the output 

voltage of the integrators during a closed-gate period. The circuit 

held that voltage for the next 80 gates. The output voltage from the 

sample/hold circuit represented the average of 80 samples taken by the 

integrators over a O.A-sec period (for 200 hz chopping frequency). 

A reset, returning the output voltage of the gated integrators 

to 0 volts, was actuated immediately after the sample/hold circuit 

opened. The integrators resumed their integration and summation, and 

the cycle started again. 

The output of the two sample/hold circuits, which represented 

the unattenuated intensity of light, (from the photodetector), and 

the attenuated intensity, I (from the pmt), were sent to a ratiometer 

(Evans Associates, 4122). The output from the ratiometer represented 

I/IQ. This voltage was sent to an analog recorder. Simultaneous 

scanning of the monochromator over the wavelength corresponding to an 

absorption line resulted in a hardcopy representation of the frequency-

dependent absorption coefficient. 

The schematic indicates an extra integrating circuit. The 

original intention was to subtract D.C. flame emission and electronic 

noise from the signal of the pmt. The integration was timed to occur 
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180 degrees out of phase with the signal representing light absorption. 

It was quickly discovered that noise levels were much lower when the 

input to this integrator was grounded, i.e., there was no subtraction of 

background noise. This was due to nonsymmetry of the waveform from the 

pmt; minimum and maximum points of the waveform from the pmt were not 

180 degrees out of phase with each other. Without the addition of 

another timing circuit, it was not possible to place gates at the maxi

mum and minimum points simultaneously. However, this is not considered 

a problem for the following reasons: 

1. The flame was steady; no apparent fluctuations were present. 

2. Emission, after consideration of attenuation of light due to the 

optical fiber and light coupling to the monochromator, was very 

small compared to the intensity of the lamp. 

3. Random electronic noise and any short-term fluctuations of the 

flame were on a much shorter time scale than the integration 

time; due to their nature, they averaged out over the integra

tion time. 

4. Long-term fluctuations averaged out over 80 samples. The 

signal-to-noise ratio theoretically improved as the square root 

of the number of samples taken. 

4.4 Operating Procedure 

Procedures specific to each component were discussed earlier. 

The experimental procedure is given here. First, the rotational lines 

to be studied were chosen. Second, satisfactory optical alignment was 
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achieved. Third, the chopping frequency was set to the optimal speed. 

Finally, scans of the absorption lines were done. 

4.4.1 Choice of Absorption Lines 

Dieke and Crosswhite (1962) list the wavelength, analysis, and 

transition probabilities of all rotational lines in the electronic tran

sition studied. The two most important criteria to be met are: 

1) evidence of measurable absorption must be present, and 2) the absorp-

should not be affected by absorption of other lines. Lines separated by 

at least 1.0 A from other strongly absorbing lines are chosen. The 

intensity of emission of a line at 3000 K, tabulated by Dieke and 

Crosswhite, provided an arbitrary means of determining which lines were 

"strongly" absorbing. Practically, if the intensity of emission of a 

close (1.0 A) line was on the order of 10 percent or less of the inten

sity of emission of the absorption to be studied, it was considered to 

have negligible effect on the measured absorption of the main line. 

Theoretically, one may calculate the rotational quantum number 

of the most heavily populated quantum states at a given temperature. As 

derived by Mavrodineanu and Boiteux (1965), the quantum numbers corre

sponding to the most heavily populated levels of a heteronuclear, 

diatomic molecule are: 

o 

o 

At 2000 K, J = 6 or 7. 
max 
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In practice, lines to be studied are determined as follows: 

o 
1. A quick scan (0.1 A/sec) of the wavelengths from 305 nm to 

315 nm is done. All major rotational transitions occur within 

this region. 

2. Dominant absorption lines are noted and assigned according to 

Dieke and Crosswhite (1962). 

3. The "isolated line" criteria are applied. 

4. Wavelength regions which contain a series of appropriate absorp

tion lines are determined. 

Since the population distributions will shift according to tem

perature, it is recommended to check for any significant differences in 

step 2 above for different regions of the flame. However, it has been 

seen that the J" = 2, 3, 4, 5, and 6 levels of the Q branch are suitable 

throughout the flame. These have line centers at X = 3080.0, 3081.5, 

o 
3083.3, 3085.2, and 3087.3 A, respectively. Thus, a slow scan from 

o O 

\ = 3078 A to 3090 A will include these lines. 

4.4.2 Achievement of Optical Alignment 

The lamp, chopper, beam splitter, and photodetector were situ

ated upon an optical bench. Their alignment was a simple matter of 

rotating the beam splitter while observing the amplified voltage output 

of the photodetector, and fixing the beam splitter where the voltage was 

a maximum. 

It appeared easier to detect the effect of changes in alignment 

while observing the chopped signal. This was accomplished by attaching 
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the oscilloscope probes to pin 19 of the main circuit board or pin 20 

(D.C. signal input) of the integrator wired to pin 19. 

There were three adjustments on the lamp housing which affected 

the shape and intensity of the light beam. They need only be done once, 

with periodic checks. On the top of the lamp housing was a knob which 

afforded vertical and rotational placement of the arc lamp. The correct 

placement was attained by observing the light output and adjusting for 

maximum uniformity and amount of visible light. If an image of the arc 

was present, the knob should be adjusted to place the arc in the center 

of the beam. 

Two adjustments were located on the condensor housing. One 

(part A) determined the placement of the primary condensing lens. The 

second (part B) determined the focal length of the light beam, given 

fixed part A. 

These adjustments may not be done independently. They also may 

not be done visually. The intensity of radiation reaching the pmt must 

be observed on the oscilloscope by attaching the probe of the scope to 

pin 14 of the main circuit board. The procedure was as follows: 

1. Adjust part B to give the resultant focal point location at the 

entrance of the light baffle. 

2. Adjust part A to result in maximum signal as seen on the 

oscilloscope. 

3. Adjust part B to give maximum signal. 

4. Repeat steps 2 and 3 as necessary. 
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Gross optical alignment of the rest of the system was achieved 

visually, starting from the front end and proceeding to the back. That 

is, the first reflecting mirror was adjusted to give as nearly a verti

cal beam as possible. If the beam was vertical, and if the movement of 

the micromanipulator was strictly vertical, a complete vertical scan of 

the flame could be done. If this alignment cannot be done, limited 

vertical scans or discrete planar measurements, with realignment each 

time, must be done. Obviously, the former situation was desirable. 

The second mirror was adjusted to send the reflected beam hori

zontally across to the light baffle. This was done by removing the 

fiber bundle from the baffle, placing a white card close to the exit of 

the baffle, and adjusting either or both of the five-axis microposi-

tioners (one holds second mirror; the other holds the light baffle) so 

the beam exited at the center of the baffle. 

Once this gross alignment was done, optical alignment of the 

fiber optic/monochromator coupling was done. Again, this was first done 

visually, by observing the placement of the image of the output of the 

fiber bundle on the slit of the monochromator. Figure 4.6 (page 52) 

serves as a first approximation as to where the various components 

should be placed. 

The probes of the oscilloscope were then attached to the ampli

fied output of the signal from the pmt (pin 14 on the main circuit board 

or pin 20 on the integrator). Again, use of the chopped signal seemed 

to make detection of slight changes easier. 

While observing the voltage signal from the pmt on the oscillo

scope, the entire apparatus was moved by hand. One degree of rotational. 
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and two degrees of translatlonal, movement must be done. It was assumed 

that the correct vertical orientation may be accomplished visually. 

At some point, gross manual movement of the entire fiber 

bundle/monochromator coupling apparatus resulted in maximum signal on 

the oscilloscope. Adequate means of securing the apparatus were done. 

Actually, if the table is not disturbed, the apparatus is heavy enough 

to remain in place. 

Fine adjustment of the coupling optics was then accomplished by 

use of the gimbal mount, on which the ferrule of the fiber bundle was 

attached. The alignment was independent of the rest of the optical sys

tem. It was discovered that slight movements, e.g., changing the 

setting of the scanning motor, affected this alignment. Adjustment of 

the gimbal mount remedied the slight misalignment. 

It was now only necessary to fine tune the alignment of the 

micropositioners attached to the yoke apparatus. The pmt signal was 

observed on the oscilloscope and the adjustments on the five-axis posi

tioner holding the fiber bundle were made to give the maximum signal. 

Usually, the adjustment of all five axes is not necessary. Adjustment 

of vertical, horizontal, and one of the rotational axes sufficed. 

During the course of a run with the opposed-jet configuration, 

misalignment due to thermal expansion caused partial or complete loss of 

signal. Also, vertical scanning caused partial losses at times. It was 

relatively simple to regain alignment by slightly adjusting the mounting 

screws on the lamp housing and monitoring the signal. This could 

usually be done by rotating only one of the screws by no more than 1/4 

turn in either direction. This became more difficult in the regions 
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above the flame front, where the light must pass through regions of 

steep temperature gradients. Deflection of the beam due to Schlieren 

effects occurs here. However, this was not really a problem, since, at 

this point in the flame, OH concentrations have been decreased to the 

point of minimal detection. 

The above procedures were developed from experience and followed 

in experimentation. True appreciation is not possible without a good 

deal of experience with the system. 

4.4.3 Achievement of Optimal 
Gate Placement 

The causes and effects of chopping frequency and gate placement 

have been discussed previously. The method of achieving the optimal 

frequency is as follows: 

1. All components of the system must be on. 

2. Attach channel A probe to pin 19 of the main circuit board. 

3. Turn trace control to "A." Waveforms representing the amplified 

signal from the photodetector should be displayed. It is 

assumed that optical alignment has already been optimized. 

4. Adjust offset and/or amplification to result in waveforms with 

minimum at approximately 0.2 V and maximum at 1.0-2.0 V. 

5. Adjust electronic speed control on chopper to result in wave

forms of 6.0±0.5 msec. 

6. Attach channel B probe to pin C of any of the integrators. 

7. Turn trace control to "A + B chopped." If steps 4 and 5 above 

have been done correctly, gating signals of 1 msec located at 
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about the center of the maximum of the waveform will be 

displayed. 

8. If gates are sporadic, or interfering with the waveform from the 

photodetector, adjust offset to get gate stability. 

9. Attach channel A probe to pin 14 (amplified signal from pmt) of 

the main circuit board. 

10. Adjust offset to center gating signal as close as possible to 

maximum of pmt waveform. 

11. Fine tune offset to completely satisfy step 8, while satisfying 

step 10 as much as possible. 

Over the time of an experiment, the chopping frequency may wan

der outside of safe operating limits (6.0±0.5 msec period). Therefore, 

the situation as described in step 7 above was monitored throughout the 

experiment. It may Be necessary to periodically adjust the electronic 

speed control to maintain the correct chopping frequency. 

4.4.4 Scan of the Absorption Lines 

The wavelength region to be scanned has already been determined. 

The chart recorder speed was set at 4.0 cm/min. The scan speed on the 

o o 
monochromator was set at 0.05 A/sec. This corresponded to 0.75 A/cm on 

o 
the recorder. The scan was started at 3078 A. The drivers for the 

scanning motor and chart motor were engaged simultaneously. The scan 

o 
was terminated at 3090 A. 

At least two, and usually three, reproducible scans over the 

wavelength region were done for each placement in the flame. After the 

set of scans, the yoke apparatus was moved to a new height in the flame." 
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Measurements at approximately every 0.5 cm were taken in the active com

bustion region (1.3-1.6 cm below the top flange), and less resolute mea

surements were made outside this region. 

The chopping frequency, gating placement, and unattenuated light 

intensity were monitored simultaneously on the oscilloscope during the 

run. Unless absolutely necessary, it was desirable not to make any 

adjustments during a scan, but between scans. 

After the scan, realignment of the fiber/monochromator optics 

was done simply by adjusting the gimbal knobs. The monochromator was 

o 
returned to 3078 A. 

It was necessary to know the temperature of the space the 

absorbed light traversed. For the premixed flame, an R-type thermo

couple, with bead of 10 mil, was placed in the horizontal plane of the 

light beam, slightly removed to the side out of the optical path. The 

bead was centered as close to the center of the burner as was possible. 

It was assumed the laminar, opposed-jet diffusion flame was 

reproducible to within the limits of the spatial resolution attainable. 

Thermocouple measurements of the same flame provided temperature pro

files in this case. 

The above procedures were developed and followed during experi

mentation with the premixed flame. Perhaps fortuitously, a problem 

arose during experimentation with the opposed-jet flame — the photo-

detector became "disabled." In its place, a signal generator (Hewlett-

Packard, 202A) was used. A square wave of frequency 200 hz and ampli

tude 1.5 V was fed into the electronics instead of the output of the 

photodetector. This operating procedure had no ill effects on the data; 
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in fact, it improved the quality of data considerably. The single-beam 

set-up was acceptable due to the confirmed stability of the light 

source. 



chapter 5 

experimental results 

5.1 Analysis of Data 

Typical absorption scans obtained at approximately 1 mm incre

ments in the CO/H^/He vs. O^/He diffusion flame are shown in Figure 5.1. 

These scans were taken with the monochromator slit width set at 50 ym 

(Av = 14.7 cm ^). The Qj^(2) through Qj^(6) transitions are apparent at 

o 
X = 3080.0, 3081.5, 3083.3, 3085.2, and 3087.3 A, along with a large 

o 
absorption centered at approximately 3090 A. The large absorption is 

due to the combined effects of the Q^(7), Cl^(2), and Q2(3) transitions, 

and is a suitable qualitative indicator of the amount of absorption. 

Each scan is identified by run number relatable to the designation in 

Appendix B, which contains raw data in terms of percent peak absorption-

Scans taken with 40 pm slits (Av = 11.6 cm are shown in 

Figure 5.2. The scans with different slit widths cannot be taken as 

equal since the spectral slit width has a linear effect on calculated 

concentration. Clearly, this resolution, or better, is desirable. How

ever, the optical alignment necessary to be able to narrow the slits to 

less than 50 pm was extremely difficult to achieve and only one run of 

this type was done. 
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Figure 5.1 Typical absorption scans with 50 ym slit width. — a) 1.17 
cm above bottom flange; b) 1.29 cm above bottom flange (Ig); 
c) 1.41 cm above bottom flange (3b). 



Figure 5.1, Continued. — d) 1.53 cm above bottom flange (lb); e) 1.72 
cm above bottom flange (3e); f) 1.83 cm above bottom flange 
(3g); g) 1.92 cm above bottom flange (3j). 
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Figure 5.2 Typical absorption scans with 40 ym slit width. — a) 1.55 
cm above bottom flange (4i); b) 1.63 cm above bottom flange 
(4a). 



75 

60-

3066 

SO

TO- 7 

3080 
(0) 

3086 

70 

3080 3086 
(o 

Figure 5.2, Continued. — c) 1.77 cm above bottom flange (4j); d) 1.87 
cm above bottom flange (4h); e) 1.96 cm above bottom flange 



76 

Figure 5.3 illustrates the placement of line center for the 

transitions studied. Overlapping lines are included. The vertical 

scale indicates relative magnitudes of rotational line strengths. 

The peak absorption for each transition was determined as the 

ratio of the deviation from the baseline to the height of the baseline. 

The height of the baseline was the difference between the voltages (as 

represented on the strip chart recorder) corresponding to 100 percent 

absorption and 0 percent absorption. The point of 100 percent absorp

tion was determined by covering the output of the optical fibers. The 

point of 0 percent absorption was determined from nonabsorbing segments 

of the spectra. The peak absorption measured was taken from the spectra 

at a point corresponding to the transition's line center, i.e., 

O o 
3080.0 A, 3081.5 A, etc. 

In the case of noisy signals, the baseline and absorption lines 

were drawn by "eyeball fit" to the spectra. Figure 5.4, representing 

the unattenuated light intensity at experimental conditions similar to 

those in actual absorption runs, served as a guide. The baseline is 

seen to have an upward drift with increasing wavelength. This is due to 

increases of responsivity of the photomultiplier tube (pmt) and lamp 

intensity with increasing wavelength. 

For 40 ym slits, the recorder trace returns to the baseline 

representing 0 percent absorption at segments between the transitions. 

This was not the case with 50 ym slits, and the baseline had to be 

o 
approximated. In this instance, the spectral region around 3089 A, 

which is free from absorbing transitions, was used as an indication of 

0 percent absorption. Typical operating conditions resulted in a 
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Figure 5.3 Line analysis of OH transitions in region of X = 3080 X 
X = 3088 A. 
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Figure 5.4 Unattenuated lamp intensity. 
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o 
baseline with a positive slope of 0.1 cm/A. Unless circumstances war

ranted another approach, the baseline was drawn in this way. 

The peak absorptions at each absorbing wavelength were averaged 

over the scans at each placement. A computer program was written for 

use on a laboratory microcomputer to calculate OH concentrations from 

peak absorptions. The computational procedure follows Chapter 3 and is 

listed in Appendix C. Overlapping lines were taken into account in the 

calculation by applying the wide slit approximation to overlapping lines 

at the same time. The resulting concentrations corresponding to each 

transition were then averaged. The results for each placement in the 

flame are summarized in Table 5.1. 

An emission spectrum of the studied flame is presented in 

Figure 5.3. The spectrum was taken at a sensitivity exceeding that of 

the absorption experiments. The spectrum was taken at a plane in the 

active combustion region, where OH was thought to be at about maximum. 

It is seen that the assumption that emission from the flame was negli

gible was accurate, as no emission at any transition is evident. 

Premixed flame data are presented in Table 5.2. The equilibrium 

OH concentration corresponding to fuel/oxldant mixture and measured tem

perature was calculated by a computer program in use in our laboratory. 

The discrepancy between experimentally determined OH and equilibrium OH 

is quite large. However, the equilibrium OH seems to be quite low, and 

the experimentally determined OH is probably more accurate. Experimen

tal difficulties associated with attaining a stable flame were consider

able. Air flows from a compressor in the building were not constant. 

The system was not airtight, and air entrainment most likely was an 



Table 5.1 Summary of experimental data for C0/H2/He 
vs. 02/He opposed-jet diffusion flame. 

Height above 
Bottom Flange 

(±0.03 cm) 
Temperature 

(±20 K) 

Concentration Height above 
Bottom Flange 

(±0.03 cm) 
Temperature 

(±20 K) 10^^ molecules/cm^ ppm 

2.15 1468 3.05 612 
2.09 1541 2.56 538 
1.99 1638 4.39 979 
1.95 1695 5.92 1367 
1.92 1680 4.77 1093 

1.87 1655 6.40 1444 
1.83 1640 5.92 1323 
1.80 1630 7.22 1603 
1.79 1620 6.47 1429 
1.77 1610 6.80 1492 

1.71 1580 6.82 1469 
1.67 1565 6.47 1381 
1.63 1540 6.75 1416 
1.62 1535 4.97 1040 
1.55 1490 5.64 1146 

1.53 1470 5.09 1019 
1.44 1435 3.09 605 
1.41 1400 4.23 807 
1.29 1330 2.68 486 



o o 
Figure 5.5 Emission spectrum of OH in region X = 3080 A to A = 3088 A. 
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Table 5.2 Summary of experimental data for premixed CH^/air 
flame. 

Experimental 
Concentration Equilibrium OH 

Temperature 
(±20 K) 

15 3 
10 molecules/cm ppm 

15 3 
10 molecules/cm ppm 

1950 8.19 2176 0.519 138 

1885 10.40 2681 2.28 586 
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effect. In addition to these, the path the light took through the flame 

was not well-defined, and possibly traversed regions where "radical 

overshoot" was occurring. At any rate, the purpose of experimentation 

with the premixed flame was to work out any bugs with the system before 

it was used in the opposed-jet system. 

5.2 Error Analysis 

Sources of error may be experimental or theoretical in nature. 

The latter, which include the accuracy of spectroscopic constants, the 

weak-line approximation, and the wide-slit approximation, are believed 

to contribute relatively small errors compared to experimental sources 

of error. Theoretical sources of error contribute mainly to errors in 

calculation of absolute concentrations, and have a smaller effect on 

relative concentrations. 

Inaccurate determination of the baseline, which is a definite 

possibility, is one of the larger sources of experimental error. At the 

same time, inaccuracy of determining the peak attenuation also may con

tribute to an erroneous calculation of peak absorption. It is presumed 

that the baseline could always be drawn to within 10 percent of the true 

baseline and the peak attenuation determined to within 5 percent, which 

was essentially the noise level. The calculation of peak absorption may 

be written: 
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where is the error associated with baseline determination and is 

the error associated with the determination of peak attenuation. The 

maximum error may be derived as: 

(s, + £,) 
^ = 17% (5.2) 

«o - 'l' 

The error in temperature determined by thermocouple measurement 

is ±20 K. Also, the accuracy of spatially positioning the thermocouple 

is ±0.3 mm. From the'temperature profile, it is seen that the tempera

ture gradient is on the order of 100 K/mm. This results in an overall 

error of ±50 K. The calculation of OH concentration specific to the 

Boltzmann distribution is not especially sensitive to temperature, as 

the total number of OH molecules in rotational states J = 2 through 

J = 6 will be relatively unaffected by a change in temperature. Another 

effect is in the calculation of gas density by the ideal gas law. The 

effect of temperature error on calculated concentration was determined 

directly by plugging temperatures into the computer program. A 50 K 

deviation leads to a maximum 5 percent error in calculated concentration. 

To determine the error involved in the spatial positioning 

during absorption scans, the concentration profile is considered. The 

maximum gradient is approximately 250 ppm/mm. A spatial measurement of 

±0.03 cm results in a possible error of 75 ppm over this range, or a 

relative error of 15 percent at low concentrations to a relative error 

of 5 percent at high concentrations. 

The relative error in OH measurement arising from all experimen

tal sources is the sum of these relative errors, and is between 30 and 

40 percent. 
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5.3 Discussion 

Results from experiments described in this thesis and from pre

dictions of the model for a similar, but not identical, flame are 

depicted in Figure 5.6. It is seen that the experimental temperature 

and concentration profiles compare well with the predicted profiles, and 

data scatter is well within the 40 percent experimental error. However, 

a lower peak concentration, a shift in concentration from maximum tem

perature towards the oxidant side, and a wider concentration profile are 

evident. The [OH] shift was expected, and has been described in pre

vious literature. 

The region the absorbed light traversed was determined to 

±0.03 cm. A cathetometer was sighted on the center of the orifices of 

the light baffles. The vertical adjustments on the five-axis microposi-

tioners were set in order for the orifices to be in the same plane. 

Since optical adjustments were made to the point of maximum efficiency, 

it was fairly certain that the arc image, where maximum light intensity 

is, was centered within the baffles and that the light path was level. 

The absorption measurements represent an integral of absorption 

over the space the measurements were taken. It may be assumed that the 

concentration profile and the temperature profile were linear over the 

limited vertical region studied (apparent spatial resolution is about 

2 mm). If this is the case, experimentally determined [OH] represents 

the average concentration, and is equal to the concentration at the mea

sured center point. 

The assumption of linear concentration profile is least valid at 

peak absorption, i.e., the top of the profile. Obviously, the finite 
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Figure 5.6 Comparison of experimentally determined [OH] and temperature 
with predicted [OH] and temperature. 
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sample volume of the beam results in a lower measured [OH] than actually 

exists at the point of peak concentration. In this case, it is possible 

that the predicted results from the simulation would match up quite well 

with an experimentally determined point measurement. 

Visual inspection of the flame indicates that its one-

dimensionality decreases with approach to the top burner. Near the top 

burner, edge effects occur and result in a thickening of the flame zone. 

Since absorption is a "line-of-sight" technique, it is possible the edge 

effects would lead to inaccurate measurements. Originally, it was 

intended to use a "probe" inserted in the flame past the edge effects to 

a point of homogeneity. Probes of this sort have been used in flames to 

get more accurate spatial resolution approaching point measurements 

which are generally not possible with line-of-sight techniques. Fissan 

and Pfender (1973) used a cooled, fiber optic probe to restrict the 

volume over which absorption and emission measurements were taken in a 

premixed flame in order to make the assumption of homogeneity. 

Kimball-Linne et al. (1982) also used a cooled probe for laser-induced 

fluorescence and absorption measurements. 

Initial design of the optical system included uncooled, ceramic 

tubes which would be inserted into the flame through which an unattenu-

ated light beam would travel. It was assumed that the wall destruction 

rate of OH radicals would be high at high temperatures, and the OH con

centration inside the tube (with inner diameter 1.5 mm) would contribute 

negligibly to the measured absorption. 

It was determined visually that edge effects were not signifi

cant in the area measurements were taken. This notion was verified with 
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temperature measurements. Temperature profiles were taken at radial 

positions to r = 0.5R and were constant. Isothermality probably exists 

over most of the path length. 

Further evidence supportive of this assumption was seen in 

absorption experiments. Higher in the flame (about 2 cm above the bot

tom flange), where the flame is widening, Schlieren-type effects due to 

temperature gradients cause beam deflection, resulting in loss of sig

nal. It was much more difficult to realign the optics in this case than 

It was in the case of thermal expansion of the yoke apparatus. Thermal 

gradients are indicative of edge effects. As stated, they were more 

noticeable high in the flame, where [OH] was decreasing to the point of 

minimum sensitivity. 

Edge effects contribute most significantly at low [OH]. As a 

"worst case" approximation, it is supposed the light beam travels 

through the entire concentration gradient at the edge of the flame. 

(Obviously, the light beam will travel through less of the gradient at 

planes in the flame with high OH, and more of the gradients at planes 

with low OH concentrations.) To approximate this condition, the concen

tration gradient is assumed to have a triangular shape. Therefore, the 

average [OH] the light beam will see in the edge is y ^^^^max PPii)» 

and the path length is the width of the [OH] profile at 

[OH] (0.6 cm). It follows that the relative contribution from the 
2. max 

edge effects to measured absorption may be approximated as the ratio of 

the produce of average [OH] and path length in the edge 

[750 ppm • (2)(0.6 cm) = 900 ppm-cm] to the product of [OH] and path 

length in the homogeneous region. At worst, the contribution is 
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900/(500 • 10) = 20 percent. At maximum [OH], the contribution is three 

times less. The effect of the edge contribution is to make the measured 

[OH] wider. Therefore, the true [OH] profile probably is narrower, 

especially at lower concentrations. 

Another method of dealing with edge effects is the Abel inver

sion technique. It is a mathematical technique which has been used to 

determine the radial profiles of absorbers and emitters in axially sjrai-

metric sources. The method requires a number of scans at different 

horizontal placements. Considerable redesign of the optical/combustion 

system would be necessary for implementation of this method to be 

feasible. 

The evolution of the optical system from a dual-beam experiment 

with subtraction of flame emission and electronic noise to a single-beam 

experiment with analog averaging to reduce noise was discussed in 

Chapter 4. Further discussion is in order here. 

It has been shown, in this case, that flame emission is negli

gible. This does not imply that there are not emitters in the flame. 

The optical system does not efficiently collect light from the flame, 

but was designed to see only light from the lamp. In emission experi

ments, lenses are used to collect light from the flame and focus it on 

to the detector. The fact that flame emission need not be considered 

precluded use of the chopper. 

The demise of the silicon photodetector was not unfortunate from 

an experimental point of view. The lamp, when performing within speci

fications, was stable enough for a single-beam experiment. Occasional 

increases and decreases in intensity from the lamp were evident in the 



90 

spectra. However, the duration of these deviations was short compared 

with the time of an absorption scan over a transition. Actually, the 

photodetector was not being used "correctly" in the sense of a dual-beam 

experiment, where its primary purpose is to indicate IQ. For this, the 

wavelengths of light incident on the photodetector should be the same as 

the wavelengths which are being absorbed. This condition may be 

approximated by the use of a narrow bandpass filter. This was the orig

inal intent. However, the intensity of light which was reflected off 

the quartz flat transmitted through a filter with a 15-nm bandpass cen

tered at 305 nm was not enough to cause a response in the photodetector. 

Also, the sensitivity of the photodetector and photomultiplier tube 

should be equal, i.e., they should respond equally to equal changes in 

light intensity. This condition was approximated, but never achieved. 

The primary fianction of the photodetector in our optical system was the 

generation of gating signals for integration. 

Finally, and pragmatically most important, the substitution of a 

signal generated for the photodetector and the non-use of the chopper 

resulted in a better signal-to-noise ratio and less baseline drift. 



chapter 6 

RECOMMENDATIONS 

The laminar, opposed-jet diffusion flame is definitely amenable 

to spectroscopic studies. Simplification of the experimental procedure 

was aided by its relatively long and homogeneous path length for absorp

tion measurements, and the stability of the flame. 

The combustion system, however, was not designed with optical 

studies in mind. Generally, the optics are set and the system to be 

studied is moved. The reverse was necessary in this study. Also, 

access to the optics, which was not available, definitely helps. 

The simplest way to get around this problem is to reflect the 

light beam from the lamp off a mirror mounted on a five-axis microposi-

tioner. When realignment is necessary, the micropositioner could be 

finely adjusted. The most elegant solution would be a scale-down of the 

combustion system to the point where it could be moved. The proposed 

system would have fused silica or sapphire windows for optical access. 

The entire combustion system would then be mounted on a table providing 

horizontal and vertical movement. Abel inversion techniques could be 

used to reduce the data. Thermocouple and sample probes could be 

mounted on a vertical rod extending through the bottom of the outer 

cylinder. Rotation of the rod would result in measurements at any 

radial position. 
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The optical system could be improved considerably. A synchro

nous D.C. motor with its speed controlled by a signal generator should 

be used. This would eliminate the problem of baseline drift due to 

variation in chopping speed and reduce electronic noise generated by the 

chopping motor. With the optics outside the combustion system, conven

tional lenses and mirrors could be used to increase the light effi

ciency. Long-focal-length lenses may be used to narrow the beam and 

focus it at the center of the flame. An improvement in spatial resolu

tion would result. With no attenuation of light due to fiber optics or 

inefficient coupling of light to the monochromator, and improved manage

ment of light, spectral resolution could also be Improved. For example, 

in the premixed flame system, with which access to the optics was avail

able, there was enough light incident on the pmt to narrow the slits to 

35 um, even with the fiber optics relay. 

The arc lamp is adequate and has its advantages, which were dis

cussed in Chapter 4. An Improvement of the background radiation source 

would be the use of a tunable, ultraviolet laser. The monochromator and 

photomultiplier tube and its power supply are also adequate. 

The detection electronics could be improved considerably by 

implementation of phase-sensitive detection, i.e., lock-in amplifica

tion. Modules for this purpose may be purchased from the same manufac

turer as the gated integrators were. While a homemade system with these 

modules would be a fraction of the cost of off-the-shelf, lock-in ampli

fiers, it is suggested that, unless one is experienced with electronics 

and is knowledgeable of experimental techniques, the unit be purchased 

off-the-shelf. 
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The output from the amplifier(s) may be sent to an a/d conver

sion board, which will soon be in use in our laboratory computer. Rapid 

data point averaging would result in a much less noisy signal. 

Off-the-shelf software for analysis of spectroscopic data is 

available from many manufacturers. With the advent of widespread usage 

of laboratory micro- and mini-computers, recent publications have dealt 

with the subject of smoothing of spectroscopic data (Bromba and Ziegler, 

1981; Kawata and Minami, 1984; Snyder and Hooker, 1984). 
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Table A. 1 Spectroscopic constants. 

Planck constant h 
-34 

6.628x10 J sec 

Boltzmann constant k 
-23 -1 

1.381x10 " J K 

Speed of light c 2.998x10^'^ cm sec ^ 

Band oscillator strength M
l 9.0x10"^* 

Rotational constant B 
e 

18.52 cm 

Vibrational constant U) 3739.94 cm~^* 
e 

*For ^TT state of OH, v" = 0, v' = 0. 



Table A.2 Other constants. 

Analysis V (cm VJ '  Ĵ"J' 

QL(2) 32,458,7 0.994 17.0 

QL(3) 32,441.9 0.990 25.3 

Q̂ (4) 32,423.6 0.984 33.7 

Q,(5) 32,403.5 0.978 42.2 

QL(6) 32,381.0 0.969 50.6 
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Table B.l Run #1, 50 pm slit width. 

Designation 
Az 

(cm) 

Maximum Fractional Absorption 

Designation 
Az 

(cm) Ql(2) Qj^O) Q^CS) Qj^(6) 

la 1.53 0.100 0.078 0.043 0.053 0.053 
lb 1.53 0.082 0.096 0.059 0.085 0.076 
Ic 1.53 0.079 0.106 0.066 0.087 0.091 
Id 1.53 0.082 0.097 0.063 0.101 0.003 
le 1.44 0.069 0.080 0.045 0.022 0.055 

If 1.44 0.030 0.042 0.042 0.042 0.058 
Ig 1.29 0.062 0.061 0.017 0.049 0.032 
Ih 1.67 0.120 0.124 0.112 0.077 0.060 
li 1.67 0.114 0.136 0.106 0.082 0.065 
Ij 1.67 0.088 0.110 0.086 0.056 0.056 

Ik 1.71 0.096 0.095 0.082 0.058 0.074 
11 1.71 0.121 0.120 0.113 0.106 0.100 
Im 1.62 0.073 0.096 0.071 0.071 0.070 
In 1.62 0.078 0.091 0.072 0.048 0.065 



Table B.2 Run #2, 50 lam slit width. 

Designation 
Lz 

(cm) 

Maximum Fractional Absorption 

Designation 
Lz 

(cm) Ql(2) Q^O) Ql(4) Ql(5) Ql(6) 

2a 1.87 0.086 0.067 0.067 0.065 0.091 
2b 1.87 0.102 0.110 0.094 0.092 0.097 
2c 1.87 0.129 0.105 0.098 0.120 0.107 
2d 1.79 0.114 0.105 0.079 0.090 0.094 
2e 1.79 0.105 0.123 0.078 0.083 0.071 

2f 1.66 0.123 0.117 0.079 0.090 0.112 
2g 1.66 0.096 0.100 0.086 0.110 0.084 
2h 1.92 0.068 0.087 0.080 0.072 0.091 
2i 1.92 0.055 0.075 0.094 0.067 0.053 
2j 1.92 0.045 0.074 0.067 0.07.9 0.057 

2k 1.99 0.074 0.058 0.044 0.064 0.082 
21 1.99 0.045 0.060 0.051 0.072 0,078 
2m 1.99 0.030 0.074 0.073 0.065 0.078 
2n 2.09 0.010 0.058 0.029 0.043 0.044 
2o 2.09 0.010 0.045 0.045 0.037 0.059 

2p 2.15 0.034 0.052 0.051 0.051 0.050 
2q 2.15 0.031 0.050 0.044 0.050 0.060 
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Table B.3 Run #3, 50 um slit width. 

Designation 
Az 

(cm) 

Maximum Fractional Absorption 

Designation 
Az 

(cm) Ql(2) Q^O) Ql(4) Ql(5) Q^Ce) 

3a 1.41 0.060 0.093 0.070 0.046 0.074 
3b 1.41 0.061 0.096 0.048 0.059 0.070 
3c 1.62 0.072 0.094 0.046 0.064 0.068 
3d 1.62 0.086 0.097 0.074 0.057 0.091 
3e 1.72 0.090 0.102 0.060 0.073 0.098 

3f 1.72 0.133 0.118 0.117 0.090 0.139 
3g 1.83 0.110 0.090 0.051 0.075 0.074 
3h 1.83 0.082 0.116 0.06S 0.093 0.092 
3i 1.83 0.082 0.116 0.068 0.074 0.080 
3j 1.92 0.045 0.045 0.051 0.064 0.051 

3k 1.92 0.052 0.058 0.071 0.096 0.051 
31 1.92 0.080 0.045 0.058 0.083 0.101 



101 

Table B.4 Run #4, 40 yni slit width. 

Designation 
Az 

(cm) 

Maximum Fractional Absorption 

Designation 
Az 

(cm) QiC2) Ql(3) Q^CA) Ql(5) QlC6) 

4a 1.63 0.123 0.150 0.135 0.135 0.099 
4b 1.63 0.133 0.144 0.116 0.096 0.119 
4c 1.63 0.116 0.160 0.134 0.146 0.106 
4d 1.80 0.125 0.159 0.103 0.136 0.135 
4e 1.80 0.154 0.186 0.105 0.117 0.121 

4f 1.80 0.139 0.150 0.099 0.110 0.048 
4g 1.87 0.133 0.171 0.130 0.115 0.075 
4h 1.87 0.118 0.135 0.077 0.063 0.100 
4i 1.55 0.135 0.156 0.130 0.153 0.128 

1.77 0.136 0.146 0.114 0.132 0.099 

4k 1.80 0.155 0.155 0.125 0.111 0.116 
41 1.88 0.106 0.139 0.102 0.093 0.105 
4ni 1.88 0.114 0.120 0.095 0.101 0.092 
4n 1.96 0.090 0.103 0.122 0.092 0.090 
4o 1.94 0.134 0.134 0.103 0.088 0.080 

4p 1.94 0.132 0.147 0.103 0.109 0.080 
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PROGRAM CONC 
DIMENSION PPMV(6),FACT(6),FR0T(6),C0RR(6),STREN2(6) 
DIMENSION ABSMAX(6),ABSC0N(6),ENERGY(6),STRENG(6) 

C 
C PROGRAM CONC CALCULATES OH CONCENTRATION FROM PEAK ABSORPTION 
C MEASUREMENTS FROM TRANSITIONS Q1C2),Q1(3),Q1(4),Ql(5),Ql(6). 
C ITS OUTPUT IS IN [CM-3] AND [PPM].THE PROGRAM STORES SPECTROSCOPIC 
C DATA I.E. ROTATIONAL AND VIBRATIONAL CONSTANTS.TRANSITION PROB-
C ABILITY,OSCILLATOR STRENGTHS.AND CONSTANTS NECESSARY FOR CALCULA-
C TION OF [OH] AS PER CHAPTER THREE. 
C 

DATA STRENG,FROT,CORR,OSC,CONSTl,C0NST2/0.0,17.0,25.3,33.7, 
*42.2,50.6,0.0,83.7,201.9,355.1,543.5,767.5,0.0,.994,.990,. 984, 
*.978,.969,9.E-4,1.44,4.52E12/ 
DATA RM0L/82.0575/,YES/lHY/ 
DATA STREN2/0.0,5.1,5.3,4.9,4.4,4.0/ 

C 
500 CONTINUE 

WRITE(3,1000) 
C 
C THE PROGRAM ASKS THAT TEMPERATURE,SPECTRAL SLIT WIDTH,OPTICAL 
C PATH LENGTH,PLACEMENT IN FLAME,AND MEASURED PEAK ABSORPTION BE 
C ENTERED BY THE KEYBOARD 
C 
1000 FORMAT(/,5X,'ENTER TEMPERATURE (K)') 

READ(3,100)T 
WRITE(3,3001) 

3001 FORMAT(/,5X,'ENTER DISTANCE FROM TOP FLANGE (CM)') 
READ(3,100)Z 

WRITE(3,1001) 
1001 FORMAT(/,5X,'ENTER SLIT WIDTH (CM-1)') 

READ(3,100)DELWAY 
WRITE(3,1002) 

1002 FORMAT(/,5X,'ENTER OPTICAL PATH LENGTH (CM)') 
READ(3,100)PATHLN 
DO 1 J=l,6 

WRITE(3,1003)J 
1003 FORMAT(/,5X,'ENTER MAXIMUM ABSORPTIONC,12,')') 

READ(3,100)ABSMAX(J) 
1 CONTINUE 

C 
C CALCULATE ROTATIONAL AND VIBRATIONAL PARTITION FUNCTIONS 
C 

BV=18.52 
QR0T=3.96*T/CC0NST1*BV) 
QVIB=1.0/(1.-EXP(-C0NST1*3739.94/T)) 

C 
C ELIMINATE G(VIB) SINCE THE SAME VIBRATIONAL QUANTUM NUMBER 
C IS PRESENT FOR THE TRANSITION EXAMINED EXPERIMENTAL. 
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C 
GVIB=0.0 
SUM=0.0 
FACT(1)=0.0 

C 
C A CORRECTION FACTOR IS APPLIED TO THIS MEASURED ABSORPTION 
C TO ACCOUNT FOR OVERLAPPING LINES 
C 

FACT(2)=EXP(FR0T(2)*C0NST1/T)/(STRENG(2)*C0RR(2)+STKEN2(2)+5.7) 
FACT(3)=EXP(FR0T(3)*C0NST1/T)/(STEENG(3)*C0RR(3)+STREN2(3)+ 

*(1.09/9.4)) 
DO 8 J=4,6 
FACT(J)=EXP (FROTCJ) *C0NST1/T) / (STItENG(J) *C0RR(J)+STREN2(J) ) 

8 CONTINUE 
C 
C CALCULATE CONCENTRATION OF OH 
C 

DO 2 J=2,6 
RJ=FLOAT(J) 
AK=ABSMAX(J)*DELWAY/PATHLN 
ABSCON(J)=CONST2*AK*QVIB*QROT*FACT(J)/OSC 

PPMV(J)=(ABSCON(J)/6.0225E17)*EMOL*T 
SUM=SUM4-PPMV(J)/5. 

2 CONTINUE 
100 FORlJlAT(FlO.O) 

C 
C PRINT OUT EXPERIMENTAL VARIABLES AND CALCULATED [OH] 
C 

WRITE(3,3000)T,Z,DELWAY.PATHLN 
3000 FORMATC//,5X,'SUMMARY:',/,15 X , ' T E M P E R A T U R E = ' , F 6 . 1 , 2 X , ' D E G  K ' ,  

1 /, 15X,'DISTANCE FROM TOP FLANGE=',F6.3,2X,'CM',/,15X, 
2 'SLIT WIDTH=',2X,F6.3,2X,'CM-1',/,15X, 
3 'OPTICAL PATH LENGTH=',F6.3,2X,' CM') 

WRITE(3,2000) 
2000 FORMAT(//,5X,'Q(J)',4X,'IMAX',8X,'CONC',IIX,'PPMV') 

DO 2005 J=2,6 
WRITE(3,2001)J,ABSMAX(J),ABSCON(J),PPMV(J) 

2001 FORMAT(7X,12,5X, F5.0,3X, 1PE12.4,3X,1PE12.4) 
2005 CONTINUE 

WRITE(3,300)SUM 
300 FORMAT(//,5X,'AVERAGE CONCENTRATION IS',2X,E11.4) 

WRITE(3,2010) 
2010 F0RMAT(/,5X,'ANOTHER DATA SET? (Y/N)') 

READ(3,2015)ANS 
2015 FORMAT(Al) 

IF(ANS.EQ.YES)G0T0500 
END 
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