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The free atom fractions for six elements in the helium—

oxygen-acetylene and air—acetylene flames were measured and show

the helium-diluted flame to be intermediate in atom formation

capabilities between the air—acetylene and nitrous oxide.-acety—

lene flames.
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ABSTRACT
WA~~~~NV~

The determination of free atom fractions for Cu, Fe, Cr, Ca,

Sr, and Ba in the helium—oxygen—acetylene and air—acetylene flames

reveals the enhanced atom formation environment of the helium-

diluted flame. Values ranged from unity for Cu in both flames to

0.0089 and 0.0035 for Ba in the helium—oxygen—acetylene and air—

acetylene flames, respectively. Comparison of the results obtained

from this study with -literature values places the atom formation

capabilities of the helium—diluted flame intermediate between

those of the air—acetylene and nitrous oxide—acety lene flames.

However, unlike the nitrous oxide—acetylene flame, the helium—

oxygen—acetylene flame has a low intensity, relatively unstruc-

tured background emission spectrum similar to that of the air—

acetylene flame. In this study, a complete examination of the

flame temperature, width, and sample introduction efficiency

was performed for both flames in order to employ the relative

integrated absorption technique for the measurement of free atom

fraction3. A new capillary burner, adapted to a commercial

nebu].ization device, was designed for the study and allowed the

safe use of the helium—oxygen—acetylene flame without requiring

external cooling.
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Greater demands are placed on the performance of the atom

cel.1 than on any other component of an atomic spectrometric in-

strument. In its role as sample atomizer, an analytical flame

must desolvate aerosol droplets of analyte solution , vaporize the

resulting salt particles and dissociate any molecules which are

formed, in order to maximize the total number of atoms available

for speetroscopic detection. In addition, the flame must provide an

•n~ironment which is free from physical or chemical interferences,

causes minimal ionization and has a low background emission level.

Because of the importance of the flame to analytical spec—

troacopy, a continuing search for new flame cells exists. Al-

though most of this search has been empirically based, and sought

to employ flames which exhibited high temperatures and low burning

velocities, a recent group of studies (1—5) has examined the role

of the flame from a more basic viewpoint. In those studies, an

isolated~dropl~t sample-introduction technique (1, 2) was employed

to characteriz, the processes taking place in atom format ion . In

the cour se of those Studies, it was discovered that flame gas

thermal conductivity played an important role in sample atomiza—

tion ty). To teat that hypothesis, a helium—oxygen—acetylene

flame was •cplored, and yielded higher emission signals than an

air”~acetylene flame of similar composition (k). In addition, the
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desolvation rate of injected analyte droplets nearly doubled

when helium was used in the flame gas mixture .

A recent examination of the physical charactoristic8 of

the helium—oxygen-acetylene flame has ~hown it to be a vittblc

atom source for atomic spectroacopy (6) . Many of the fl ame ’s

undesirable characteristics, such as increased occurrence of

flashback and thermal deformation of burner components, were -

noted upon its introduction (k) . Fortunately, modifications in

burner design overcame these drawbacks, and safe operating con--

ditions for the flame were specified (6). The stabilized flame

was found to possess a high degree of laminarity, similar to

that found in the air—acetylene flame. Its background emission

spectrum, although of greater intensity than that of an air—

acetylene flame, was relatively unstructured .

To assess the analytical utility of this new flame cell,

it. efficiency of atom formation must be measured. One gauge

of atom formation capabilities is the free atom fraction (7),

which is the ratio of the number of species of a particular

element present in the free atomic state to the total number of

atoms injec ted into the flame. Although this quantity gives no

indication of the mechanism or kinetics involved in the atom for-

mation process, it does provide a reliable measure of the flame’s

ability to produce atoms. By determining free atom fractions, one 
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can obtain an analytically useful estimate for the combinc~1

results of different flame processes, including vaporizdtion ,

ionization and compound formation.
I’

In the present study, the free atom fractions for six ele-

ments were measured in both the air—adetylene and helium-oxygen-

acetylene flames, in order to provide a basis for comparison.

Other studies have detcLmjned the free atom fractions for various

elements in several conventional analytical flames (8—]’i-) , in-

cluding the air—acetylene flame (9—11~). Unfortunately, the

evaluation of a new flamei.gas mixture using the results of these

former studies is difficult, because a range of values has been

reported for the free atom fraction of any specific element in a

particular flame gas mixture. The disparity in these results

arises front the differences in experimental conditions and in-

strumentation used by the various researchers. For this reason,

identical experimental methods and equipment have been used

here in the determination of free atom fractions in both the

air—acetylene and helium—oxygen—acetylene flames.

In addition to the absorption measurements that are required

to meaSure free atom fractions using the . integrated absorption

technique (8—io) , differences in the flame environment that af—
fect atom formation were quantified. Studies of flame tempera-

tures, nebulization efficiencies and flame width have been per—
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formed to account for the different environments. A computer—

assisted -data acquisition system for the measurement of the in— . -

tegrated absorption was designed for this work, and a capillary

burner was constructed which allows a commercial nebulization

device to be used with the helium—oxygen—acetylene flame.

In these investigations, the free atom fractions for Cu, Fe,

Cr, Ca, Sr, Ba were found to be 1.0k, 0.97, 0.kl, C.22, 0.20,

and 0.0089, respectively, in the helium—oxygen—acetylene flame,

and 1.00, 0.51, 0.22, 0.079, 0.090 , and 0.0035, respectively,

in the air—acetylene flame. The nebulization efficiency for the

helium—diluted flame was 9.9~ at an uptake rate of 2.0 mL min~~,

compared to l6.5~f for the air-acetylene flame. The maximum flame

temperatures found for the two flames were 2525 K in the air—

supported flame and 2812 K in the helium—sustained flame.

EXPERIMENTAL
~ANVWVWVWVV~

Equipment. -

~~VWWWVVb -

Burner. The burner employed in this study is a slightly

modified version of a previously described capillary burnir which

utilized a bundle of hypodermic tubing to form a burner head (15) .

Sections of stainless steel hypodermic needles (Popper and Sons ,

Inc., New Hyde Park, N.Y.), approximately thirteen centimeters
4 -~~

in length , were joined us ing h igh-temperature epoxy (Eccobortd 10k ,
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Emerson and Cuming, Inc., Canton , Mass.) and treated accord ing

to manufacturer ’ a directions to set the epoxy for high tem-

perature use. The resultant burner head could then be inserted

into an adapter which allows the burner to be used with any of

several commercially available nebuli~ation assemblies.

For the helium—diluted flame, 181 exit ports were fabri-

cated from 22-gauge syringe needles (0.5 mm i.d.) and packed into

the burner head assembly. A similar burner head constructed

from 18-gauge needles (0.8 rtm i.d.) contained 6o exit ports and

was used for an air—acetylene flame. Previous studies (It , 6)

discussed the problem of burner deformation when the helium—

oxygen—acetylene flame was employed. Water cooling was found

to prevent this problem (6), when a Meker—type burner was used .

with the new capillary burner head, no deformation problems were

experienced and burner cooling was found to be unnecessary.

For the helium—oxygen—acetylene flame , the highest operat ing

temperature at the burner head (320 K) was attained with a fuel—

lean mixture. For the air/acetylene flame, an operating temper-

ature of 370 K was reached regardless of the acetylene/oxygen

(fuel/Oxidant) flow ratio.
- - 4

Nebulizer. The capillary burner was mounted by means of

an adapter onto a commercial nebulization chamber equipped with

an impingement bead (Chambers Model No. 20851-01, Nebulizer:

Model No. 25958, Instrumentation Laboratories, Inc., Lexington , 
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Mass.). For the helium—containing flame, a constant mixture of

8.~ L min 1 helium and 2.k L min 1 oxygen (78~ He) was used as
the nebulizing gas. With this constant mixture, a uniform nebu—

lizatiOn rate ensued regardless of the fuel/oxidant flow ratio

selected. For the air/acetylene flame, 10.8 L min 1 of air was

used as the nebulizing gas flow.

All gases were supplied and-mixed , when necessary, with

the same type of control system described previously (6) . All

flows were measured using a wet—test meter (Model No. 6311k ,

precision Scientific Co., Chicago, Ill.) to correct for any back

pressure caused by the nebu].izer .

Opt ical System. Radiation from a 300 W integral—parabo lic—

reflector Eimac arc lamp (Model No. VIX—300UV , Varian Eimac

Division, San Carlos, Calif.) which was operated at 15 A , was

focussed into the center of the flame using a 38 mm piano—convex

quartz lens (10 cm focal length). A similar lens of 8 cm focal

length was used to refocus the image of the arc onto the mono—

chromator entrance slit. An iris diaphragm (~o.k cm) was placed

• directly in front of the Eimac lamp housing to act as a spatial

filter and thereby eliminate from the final image a majority of

light from the turbulent region of the lamp (16). A second iris,

placed just before the second lens, functioned as an aperture

stop for the system. Back illuminat ion of the monochromator in—
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dicated that a section of the flame approximated by a rectangle

3 mm high arid 1 mm wide was observed with this optical system.

Spectrometer Detection System. The continuum radiation

was mechanically modulated at 1t80 Hz by a chopper placed between

the light source and the first lens. After passing through the

optical system, the radiation was spectrally dispersed by a

0.35 m Czerny—Turner—muunt, digital step-scanning monochromator

(Model EU—700, GCA/McPherson Instrument, Acton , Mass.), operated

with a 0.098 mm spectral slit width and a 3 mm slit height.

The radiation transmitted by the monochromator was detected by

an Rkk6 photomultiplier (Hamamat su Corp., Middlesex, N.J.) oper—

ated at koo—6oo volts (Model 2kk high—voltage supply, Keithley

Instruments, Inc., Cleveland , Ohio). The exact operating vol-

tage was that required to produce a nearly full—scale response

at the output of the detection system described below.

The AC current signal from the photomultiplier was con-

verted to a proportional voltage (Model 1127 Current Amplifier,

Keithley Instruments, Inc., Cleveland , Ohio) and demodulated

by a lock—in amplifier (Model 128, Princeton Applied Research

Corp., Princeton , N.J.). The lock—in reference signal was pro—

vided by a phototransietor-lamp assembly attached to the chopper .

The scale expansion feature ~f the lock—in was employed before

the resultant signal was transferred to the data collection sys—

tern or a strip—chart recorder.

• - - • - • - - • - - •  - - • • -~~~~-~~- - - - - .-‘—,- -— —- - ----—- -—----—--- --•-• — —  — - — • — —
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C~~puter and Data Collection Eciuipmei,1-. A wtriable—aperture

integrating analog/digital converter, V~II~DC (Model 720, Keithley

Instruments , Inc., Cleveland , Ohio) w~~ u:;c’d in conjunction with

a PDP 12/Ito computer (Digital Equipment Corp., Maynard , Mass.)

to collect data for the integrated absorption 1ne~.u~uremenL . In-

terfaces between the computer and both the VAI1~1)C and monoahro-

mator scan controller (Model Eu—700—32, GCA/McPhcrson Instrument,

Acton , Mass.) allowed the data collection process to be syn-

chronized with the wavelength scan. The VAIADC increased the

signal—to—noise ratio of the data and allowed digital signals

to be transferred to the computer (17) .

The data collection program was actuated by art operator—

issued command following the initial set—up of the flame—nebuliz~r

system and electronics. A signal from the monochromator scan

controller was used to trigger the integration of the output

• analog signal by means of the computer interrupt network. As

the monochromator scanned across an absorption line , the signal

• was integrated for one second at each of the 0.01 mm wavelength

increments. The digitized signal was retained in the computer

• and displayed upon a monitor for operator evaluation . Records

• of the digitized data were compactly stored on magnetic tape.

Further details about the program and intorfacos are available

elsewhere (18).
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• Determination of Free Atom Fraction.
~ WW WWWVWVVWVW~~~~~NVVvWvv~

The free atom fraction , ~~~, has been defined as the ratio of

the number of free atoms of a particular element to the total num-

ber of atoms of that element present i~ the flame as ions, mole-

cules, or free atoms (19). Consequently, the determination of

a—factors requires both a measurement of the efficiency of total

sample introduction into the flame and a determin ation of the

number of free atoms in the flame . The latter quantity can be

found through careful spectroscopic measurements.

In the present study, the method used to determine free

atom fractions is based on the method of de Galan and Wineford—

ner (11). In this method, the free atom fractions are calcu—

lated from the fraction of continuum source radiation absorbed

by the atoms in the flame. Extending their equation (11) to

include non—resonance transitions, the free atom fraction is

given by:

• (mc2 
~ ~~~ eE/1cT

F) [ 
sTp (l3115~

VLIQ + v~~S ~~~~~ 
1 (

~
-) ~~

~ne
2 1 \ X 2gf I TR

LeYVLXQ J C

where m and e are the mass and charge of the electron; B(TF) is
• the electronic partition function for the element of interest at

Tp, the flame temperature; X and f are the wavelength and oscilla—
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tor strength of the transition being employed ; g and E are the

statistical weight and energy of the lower level of the transi-

tion; TR~ 
the room temperature; s, the spectral bandpa~s of the

monochromator; L, the path length through the flame ; y, the

efficiency of desolvation of aerosol droplets in the flanto ; c~,

the nebulization efficiency; VLIQ. the uptake rate of the nebu—

lizer; ~~~~ the flow rate of flame gases; a, the fraction of

continuum radiation absorbed by atoms in the flame; C , tht� con-

centration of analyte in the solution; c, the velocity of light;

k, the Boltzmann constant; and nF/nR, the molar ratio of burnt

• to unburnt flame gases. In equation (1), the first factor is

composed of physical constants, whereas the second factor consists

primarily of constants dependent on the element and transition

being studied. The third factor contains terms which are governed

by the nebulizer, flame gas mixture and observation height in the

flame. The terms of the final factor are dependent on the par-

ticular solution concentration selected .

Several assumptions are made in the derivation of equation (1)

which define the experimental conditions which must be used. First,

equation (1) requires that light absorbed by the flame, o~, be only

a few percent of the total incident continuum radiation . The

spectral bandpass of the monochromator, a, must be several times

larger than the absorption line width, but still allow a measurable

absorbance to be obtained (11). The production of a uniform atom

---4 
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population throughout the flame is also assumed (30). In addi-

tion, accurate values for the oscillator strengths must be known

and the selected concentrations of ana]yte must yield absorbances

which lie on the low—optical-density portion of the absorption

growth curve.

The determination of relative free atom fractions was in—

troduced (8) and utilized in several studies (8-10) to circumvent

the problems arising from the use of equation (1) to calculate

absolute quantities. In the calculation of absolute free atom

fractions, a correction factor must be applied to the results

of equation (1) to account for the nonuniformity of the atom

• distribution in the flame. With the relative method , the value

of equation (1) for the element of interest is ratioed with the

value obtained for a reference element. Ordinarily, this refer-

ence element has a known free atom fraction of unity. The de-

termination of the magnitude of the correction for nonuniformity

is thereby circumvented with the relative technique. Also , the

first factor in equation Cl) need not then be evaluated , because

these quantities cancel during the ratioing procedure.

The values of the system constants required for the evalua—

tion of equation (1) are given in Table 1. The molar ratio of

burnt to unburnt gases, 
~F’~R’ 

was evaluated according to the

method of Gaydon and Wolfhard (20), assuming the flame tempera— 
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tures which are given . The spectral bandpass , a , was determined

from the width at half—intensity of a wavelength scan over a

hollow cathode line . As required , the spectral bnndpaas far

exceeds the absorption linewidth . The electronic partition func-

tions were calculated from data tabul&ted by de Galan, Smith and

Winefordner (21) for each of the elements. Although no experi—

mental evidence exists for the extent of desolvation in the 
-

flame, Y, the value was assumed to be unity (22).

Measurement of Integrated Absorption. Because equation (1)

is restricted to atom concentrations in the linear portion of

the absorption growth curve, a preliminary experiment was performed

to determine the optimal solution concentration range for each

element. In addition, the observation -height giving greatest in—

tegrated absorbance was ascertained . For each of the elements

studied , a series of dilutions was made from stock solutions pre—

pared by a standard method (23); these solutions were employed

in the construction of an absorption growth curve. From this

curve, a range of solution concentrations was selected from the

low optical density region for use in the free atom fraction de—

termination . An absorbance versus height profile was constructed

for one solution concentration to determine the region of maximum

absorbance for each element in each of the flame gas mixtures.

The a/C ratio, which is constant for a particular element,

was evaluated by averaging the values obtained for several so]u—

- -- — ~~~-
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• * tion concentrations in the optima]. concentration range. Multiple

measurements of the e. values for each solution concentration

were made at the selected observation height in the flame. To

determine the fraction of continuum radiation absorbed , a, numeri-

cal integration techniques were applied to the digitized wavelength~

scan dMa tlwt were stored on magnetic tape (see section above

anr~ T~eF . 18 for further details). Values for a as low as 0.6 %

could be. meaFiured with this system. A precision of *10% could

be obtained in the resulting a valt~es, giving comparable pre-

cision to that found in other studies (8,- 12).

~~termin~tion of Sample Introduction Efficiency. The sample -

introduction efficiency, ~ , is defined as that fraction of the

j - total volume of aspirated solution which reaches the flame (2k).

To determine ~ , 10 mL of a 100 ~g mL ’ manganese solution was

introduced into the flame at a constant rate of 2 mL min 1 with

either the he lium—oxygen mixture or air acting as the nebulization

gas. The condensed manganese solution was collected from the

nebulizer drain tube and was rinsed from the walls of the burner

and spray chamber. After dilution to 100 mL, the concentration

of the resulting solution was determined by atomic absorption.

* By difference, the amount of analyte reaching the flame and the

sample introduction efficiency could be computed.

pptorrnj natj on of Flame Temperature . The flame temperature

both ~ippoarti direct ly in the free atom fraction equation, and

—i 
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- • must also be known to calculate the electronic partition func—

- 
tion, B(T~). Vertical temperature profiles were measured in

the center of the flame using the sodium line—reversal tech—

• nique (25, 26). A ribbon-filament tungsten lamp (No. l8A/Tl0/2P,

General Electric Co., Cleveland , Ohio) with a variable-current

I 
- 

supply was used to produce the reversed condition, which was

detected by use of a wavelength modulated mönochromator and -

synchronous detection system (27). An optical pyrometer (Pyro-

meter Instrument Co., Northvale, N.J.) was employed to determine

the filament temperature. A tungsten—filament strip lamp with

• a temperature certification traceable to the National Bureau of

Standards was used to periodically check the pyrometer ’s ca]i—

bration. -

Flame width Measurements. Because of expansion of the

• 
• flaune gas mixture upon combustion , the path length through the

flame, L, cannot be considered to be equal to the burner dimen-

sions , or to be constant with flame height. To measure flame

width, a 100 ~g mL ’ sodium solution was aspirated into both

• the helium-oxygen—acetylene and air—acetylene flames. The

~~~ emission from the sodium in the flame provided a visible refer-

ence for the edge. of the flame. From the pro)ected images of

photographic slides taken of a calibrated scale and either the

• - air-acetylen e or helium-oxygen—acetylene flame at various fuel/

oxidant flow ratios, the flame width could be easily measured as

_ _ _ _ _ _ _  _ _ _ _  - ____ - - 
- 
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a function of height in the flame . Previous studies have mea-

sured appreciable sodium concentration near the flame bouncl~i~jc~;

(10), lending credence to this method.

RESULTS AND DISCUSSION
~~~~~~~~~WWW WVVW~~AIVVVV~

In this section, evaluation of parameters necessary for

calculation of the free atom fraction will first be discus~cd ,

after which the significance of the free atom fractions will

be considered.

Zanrnle Introduction Efficiency . Because the driving force

for the creation of a spray is related to the density of the

nebulizing gas (28) ,  the helium.-oxygen mixture is a less eff i—

cient nebulization gas than air. Table 2 lists the sample in-

troduction efficiency for both the helium—oxygen—acetylene and

air—acetylene flames. For both flames, the oxidant gas mixture

provided the force for nebulization and was held constant at

10.8 L min 1 . The sample uptake rate was also held constant at

2 mL min 1.

As expected, the sample introduction efficiency is lower for

the helium—containing mixture and was found to be 60% that of

the equivalent air—acetylene flame. Of course, the amount of

sample reaching either flame per unit time could be increased by

raiaing the sample uptake rate, but the efficiency would then be - •

-— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ _~~
_ _
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expected to decrease (29). For example, Table 2 reveals the

sma’ll increase in sample delivery rate to the flame which is

caused by doubling the nebulizer uptake rate in the helium—oxygen—

acetylene flame. In further work, the lower uptake rate (2 mL min 1)

was chosen for the determination of free atom fractions because
- -

- ~ ~ it yielded greater flame stability. *

* 

~~~~~~ Temperature Measurement. Figures 1 uid 2 display

vertical temperature profiles in the helium—oxygen—acetylene

and air—acetylene flames at different values of the fuel/oxidant,

F/O, flow ratio. The precision of the me~surements in both

flames was ±i% (relative standard deviation). To check the data

reliability, temperatures were determined with a series of different

sodium concentrations in the flame. No temperature difference

was found over the range (50—25O0~~g/mL Na) of solutions tested.

In the air—acetylene flame (cf. Fig. 1), a rapid increase

in temperature is observed just above the primary reaction zone.

The increase is greatest for the fuel—lean flame (Curve D, Figure 1),

where a 100 K increase occurs in the region one centimeter above

the primary reaction zone (0.0 cm on the plot). Other investi—

gators have observed similar increases (100 K in fuel—lean flames

and 30 K in fuel—rich flames) and have attributed them to the es—

tablishment of dissociation equilibrium among the flame specie.

(30, 31). In this region, flame species which are formed in

excess of their equilibrium concentration in the reaction zone 
*

‘ ~~~ .-

-

~ 
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* recombine exothermically until an equilibrium is reached .

In the helium—oxygen—acetylene flame ,-no significant tempera—

ture increase is observed above the primary reacti on zone. As

shown in Figure 2, the temperature remains nearly constant with

height in thó lower part of the flame at 2730 K and 2750 K ,

respectively, for the 080 and 0.90 fueifoxidant flow ratio

mixtures. However, the most fuel—lean mixture (F/O—O .70) exhibits

a steadily decreasing temperature profile, and possesses the highest -

temperature (2810 K) measured for the helium—diluted flame. Si-

milar profiles have been observed in a nitrous oxide—acetylene

flame (32).

• The relatively uniform thermal environment found in the fuel—

rich helium—containing flames i. important analytically. The

flame atmoaphc re experienced by the analyte atom population under

near isothermal conditions is more homogeneous than that pro-

duced in a flame with drastic temperature gradients in the ana-

lytical viewing region. The analytical signal obtained from the

atoms is more easily optimized and less dependent on small varia-

tions in instrumental conditions, when uniform flame conditions

are present.

The reasons for th. existence of the constant-temperature

r.gion in the helium-diluted flames are the basis for some con-

j.cture. The radical physical properties of helium undoubtedly

contribute to the production of tho isothermal environment, and

_________________________  I
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make the helium—oxygen—acetylene flame quit t ’ ~lifi ~‘t -ent .1 urn th,:*

air—acetylene flame . As a result of helium ’~ hi~i 1: t h ( ’j : n , 11 . COfl—

ductivity, heat will be conducted throughoti~ ih~- ~~~~~~ .~

readily. Also , un like the air—supported fi.~trn~’, I . - -i ~ -. - i . .  I ‘~~~.

creases caused by the generation of heat iTt t h ~• : - . -. n 1  
•~ t -~irn—

bustiofl region will be dampened in the hol iu —o:- ’ ,~ i~--~it: - ( ’,• 1 t n e

flame by the high heat capacity of helium . Instt:.:d , di11u~ ion

of heat from the flame will be increased . Throu*f~i ~omc com-

bination of these and other possible proccs~e~ , thc enct~~’

evolved from recombinat ion of flam e species formc~1 in ths- reac-

tion zone and the combustion of excess fuel with ~ftrnospiic~~iC

oxygen is evenly distributed throughout the lower Iort icn of

the flame . Clearly, further investigations are required to

elucidate the mechanism for the production of the obse~ v~~i tern—

perature profiles.

Unlike the fuel—rich mixtures, the fuel—Jean h~ liurn - -o ’:yge n—

acetylene flame exhibits a rap id decrease in tcTu~~era tnr ~ ~‘ith

increasing height in the flame . The highest temp~ ratur~ u1easure~

in this study for a helium-containing mixture (2810 K) w~~ found *

near the primary reaction zone of the lean flame . This f ind ing

is consistent with previous studies (31) which have shown that

flame temperatures in air—acety lene mixtures increase as thc fu ~ l/

oxidant flow ratio approaches that required for stoichioi~tctric

CO2 production (p/o=0 .’Io) . However , the increased fLarn~; ternper~ -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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* 
- ture could also result from preheating of the f1i~me ga:-~ mi x tnrc

• (33). Credence is lent to this hypothesis by the ob~t’iv ;it ion

that the highest burner head temperature produt c~ by ;i i i y  of t1i~

helium—contain ing flames was measured with thi” 1ucl—l&~. m mi,~Lnj-e.

This preheating effect could also be the cau~ c , of the h J t ~h tcrn--

perature gradient present in this flame . The c’hanges in f1am .~

gas radical concentrations produced by preheating can affect

the composition of species in the body of the flame , and there-

by cause different processes to occur in the post—reaction zone.

~ny variations in the processes taking place in the flame , coupled

with a decreased amount of excess acetylene avuilable for secon—

• dary combustion, could change the shape of thc temperature profile.

• Unfortunately, the proof of these hypotheses is beyond the findings

and scope of the present study.

Flame Width Measurements. In Figures 3 and 11 , a large varia—

tion in flame width with fuot—oxidant ratio is observed for both

f l ames used in the present study. The greater flame width for

the helium—oxygen—acetylene flame is indicative not only of the

expansion of the combustion products because of a higher temperature

environment and the increased diffusion rate of helium , but also

of the increased degree of dissociation which affects  the molar

ratio of burnt to unburnt gases.

In correlating the results of the flame width and temperature *

• determinations observed in Figures l~ 1I , one notes an unexpect-ed

- - ~—• - “ -—• - —-- -- 
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decrease in flame width with increasing flamo temperature . Pro— - 

-

heating of the flame gases , which was discussed in the flame

temperature section above, could be the cause of this observation

also. In the burner, the flow of gases is accelerated by the

warming process , causing the gases to issue from the burner port

at an increased velocity. The flame produced by the preheated

gases will then be longer and thinner in shape and will possess

a higher burning velocity (33) . The results obtained in this

study indicate some preheating could be occurring in both gas

mixtures.

Secondary combustion of the flame gases could also account

for the increased flame width at high fuel/oxidant ratios. As

the gas mixture deviates from the stoichiometric ratio, a smaller

percentage of the flame gases are consumed in the primary corn—

bustion region . For the fuel—rich mixtures considered in the

• present study, the excess fuel is available for secondary com-

bustion with entrained atmospheric oxygen. Obviously, this

secondary combustion would be most pronounced at the flame edge,

where atmospheric entrainment takes place. In turn , additional

• combustion at the flame boundaries would increase the effective

flame width.

Relative Free Atom Fractions.
WW~~NWWWUWVVVW NWWWV~,

Six elements were selected for study in the ho3iu m—oxygon —

_______________________________
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• acetylene flame . These elements display a wide variation in free

atom fraction s in the air—acetylene flame (9—12 , l~ ) and are

dependent on flame gas composition to different extents (12).

The transitions selected for this study are not always those

most commonly used for routine analysis, but arc those which dis-

played a high relative absorbance compared to other possible

transitions (3k). For all the transitions utilized in this study,

the lower energy level was the ground state, making the exponen-

tial term of equation (1) unity. Pertinent physical parameters

of. the selected transitions are compiled in Table 3. For every

element except copper, the listed oscillator strengths are aver -

ages of the referenced literature values. The oscillator strength

• value of copper was obtained from a critical review of published~

data on the Cu I transition (39).

The numerical value of the free atom fraction is dependent

mostly on the observation position in the flame and the composi-

tion of the flame gas mixture. In most experimental systems,

the gas composition can be precisely controlled , leaving the height

of observation in the flame as the primary variable in the deter—

ntination of free atom fractions (50). To assess the importance

of viewing height in the flame on the measurement of free atom

fractions , a study of atom population versus flame position was

done for both the helium—oxygen—acetylene and the air—acetylene

flames .

_  
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In Figure 5, the atom population aL diffei.- t’i~I. 1 i o i q h L ~; i n

the flame is indicated by the me tsured va lue  of 0 , the ’ f ract i t n

of continuum radiation absorbed by the atoms per uni t  o If f ] :-~p ’ .’

width . The observed variation in atom population w ith  chnnqc *;

in the flame environment is strongly dcp~*ndent on 1:]i” 1~i,nd otT

element. The relatively flat profiles of Fe and Cu IJI  1)0th

flames reflect the high degree of atomization Ic; ~~~~~~~ clew’ i i t : s,

and their insensitivity to flame composition . In contrast ,

flame chemistry is known to affect markc~dly the f~rmat :i.on of

Ca, Ba, Cr and Sr atoms (12), behavior which can be readily C)b—

served in Figure 5.

The observation heights to be employed for the d e ~ min~t —

tion of free atom fractions were selected using Figure 5. For

* 

each element , the height corresponding to the opi;imal atom popu-

lation in each of the four flame-gas mixtures wa~ used ~or the

measurement of the free atom fraction . Examinat ion of Figure  5

ind 1.cates the deviations in evaluated free atom acLionc tha t

would occur if only one observation height were ~;e1ectac1 for all

elements. For exampl e , if the only observation height used were

• that opt imal for Ca absorbance in the fuel—rich ~ir— acety 1er.e

flame (i.e. 2 cm above the burner top), non—optimal val ues of

the free atom fraction would be obtained for most other elements,

As a result, the true performance of the flame could not be

assessed . In this study, the best condit ions for the i *va].uctt ion 
• -
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* 
of the free atom fractions were sought in order to accurately

* appraise - the performance of the flames.

A comparison of the relative free atom fract:ion in both

fuel—rich and fuel—lean air—acetylene and helium—oxygen—acety lene

flames is given in Table iL . In the calculation of these values,

copper was used as a reference element and was assigned a free

I atom fraction of unity in the fuel—rich air—acet~ l~ ne f l ztrn e

(9, 10) . To obtain the relat ive free atom fractions, the values

of equation (1) for all other elements were ratioed to that of

copper in the fuel—rich air—supported flame.

In the two air—acetylene flame compositions examined , the

relative free atom fractions for Ca , Cu , Fe and Sr remain re—

lative].y constant, while Ba and Cr exhibit large differences.

- 
The results for Fe and Cu are expected , because the atom for-

mation characteristics of these elements are known to b .~ rather

independent of flame chemistry. On the other hand , Ca, Sr, Ba

and Cr exhibit strongly environment—dependent atom production ,

which is evident from the atom population profiles of Figure 5.

I 

The free atom fractions of Ca and Sr are similar for the two gas
-

• mixtures, not because their atom formation processes are indepen—

dent of flame composition , but because of the production of simi—

lar atom population s at the optimal but different viewing height

for both flame gas mixtures. -

Unlike the air—acetylene flame , the helium-oxygen-acetylene *

- 
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flame produces, for all six elements, free atom fractions which

vary little with flame composition . The atom population profiles

are also remarkably independent of flame composition (cf. Ficj . ‘~,),

despite the different temperature profiles exhibited by the two

helium—diluted mixtures. These results indicate that a th~ rinal

mechanism is probably not dominant in the atom format i~n process

in the helium—oxygen-acetylene flame , although the h igh thermal

conductivity of helium might play an important role . Mechanisms

have recently been proposed for the air—acetylene flame in which

various flame species have been shown to contribute to the atom

formation process (30, 51, 52). Similar mechanisms might be

operative during atom production in the helium—diluted flame, *

* but no evidence for any specific mechanism can be gleaned from

the results now available.

Although no explanation for increased atom production can be

substantiated , the helium—diluted flame clearly shows larger free

atom fractions for all elements not ordinarily considered to be

totally atomized in the air-acetylene flame. Table 14 indicates

the relative (cf. “ratio” column) increases found in the helium—

oxygen-~~etylene flame. To compute these ratios, the larger of

the two free atom fraction values obtained for each oxidizer was

used. Only Cu, which exhibitB a free atom fraction of unity

(within experimental error) in both flames, shows no marked im—

provoment in the helium-diluted flame. The similar behavior of - -

—- - — —~-~~~~~T 
- 
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Cu in both flames argues against the production of an increased

atom populat ion in the helium-oxygen—acetylene flame because of

more efficient vaporization of desolvated particles. Any postu—

lated atom formation mechanisms in the helium—sustained flame needs

to account for this similar ity.

Previous workers have measured increased atom formation rates

for the helium—diluted flame (14). This increased atom production

capability would not be reflected in the results of this study,

however , because the local equilibrium set up in a particular flame

reg ion determines the number of free atoms present, rather than

the Mnetics of their release.

* Table 5 compares the results of this study with those of

* 

other workers. For those studies employing the relative method ’

of free atom fraction measurement, the reference element that

was ernployed is listed in the footnotes of the table; all other

studies were performed on an absolute basis. The values selected

* 

for inclusion in Table 5 from the present study are the larger

of those obtained for each oxidant mixture (cf. Table 1 4) .

When the values obtained by different workers for the free

atom fraction of an element ir~ the air—acetylene flame are corn—

k -  pared, the results of the present study fall within the range of

values reported in the literature. However, the free atom frac—

~ ons obtained during this investigation should be slightly higher

than those of other studies using the relative absorption tech—
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nique, because the value used here for the oscillator strength

of copper was greater than that used in other studies 10.143 corn — *

pared to 0.30 (10) and 0.35 (9)L

Discrepancies in the values obtained in the air-acetylene

flame can also arise from variations in the experimental conditions

used by different workers. As discussed earlier , the observation

height selected for each study can affect the resulting value of

the free atom fraction . In addition , variations in fuel/oxidant

ratio, the use of separated flames, and differences in burner

design can change the atom distribution in the flame and thereby

affect the measured value.

Table 5 indicates the atom formation capabilities of the

helium—oxygen—acetylene flame to be intermediate between those

of the nitrous oxide—acetylene and air—acetylene flames. More-

over, the helium—diluted flame performs better than the hydrogen—

oxygen—argon and hydrogen—nitrous oxide flame. The hydrogen—air

flame appears to possess atom production abilities similar to

those of the helium—oxygen—acety lene flame, but the higher tern—

perature environment of the latter flame should produce a higher

atom population when refractory sample matrices are present.

For analytical applications, the greatest potential for the

helium—oxygen—acetylene flame lies in the area of atomic fluore—

scence spoctrometry. The higher degree of atomization and ex-

pected low quenching character of this flame gas mixture should *

—.----—-——
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produce an increased atomic fluorescence signal. Invcsticjat ic~n~;

into the utility of this flame for atomic fluorescence are now

underway in this laboratory. Additional studies are also needed

to assess the degree of interference present in the flame , and

to measure the detection limits it produces.
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Table 1. System Constants Needed for the Determination of 
*Free Atom Fractions

s 
- 0.O9R nm

~T’~R air/acetylene 1.09 = 2500 K)
He/02/acctylene 1.60 (T~ = 275() K)

~GAS 
air~acetylene -

PLO = 0.58 12.1 L min 1 (1.3 L min 1 C2H2)
Plod 

= 0.814 12.7 L min 1 (1.9 L min ’ C2H2)

He/02/acetylene
Ff0 = 0.70 12.5 L min 1 (1.7 L min 1 c2n2)
P/o = 0.90 - 13.0 L rnin”1 (2.2 L min 1 C2H2)

VLIQ 2 0  mL min 1

TR 298 K

$ = monochromator spectral slit width

= the molar ratio of burnt to unburnt flame gases

VGAS = total gas flow, i.e. oxidizer plus fuel flow rate

F/O = ratio of fuel gas (C2H2) flow rate to oxidizer gas flow
rate 

-

VLIQ = sample uptake rate of the nebulizer

TB = laboratory temperature

= flame temperature

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
-- - - - •-,-

~~~~~~~~
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Table 2. Comparison of Sample Introduction Eff ~ C~~CflCY

a of the
Helium—Oxygen—Acetylene and Air—Acetylene Flames

Sample Uptakeb Rate Efficiency (q) Rate of Sampi c
(mL min ’) Delivery to J”lame

(mL min ’3)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
He_02 C Air  He-O~. Air

2.0 ~ •3
d 16.5 + .5 .20 ± .01 .33 ~ .01

14.0 6.6 ± .1 
____  .26 * .01 

____

a. Sample introduction efficiency is the volume of sample
delivered to the flame divided by the total volume of

• sample consumed by the nebulizer.

b. Nebulizer gas flow constant at 10.8 L min ’1 for both
* Be—02 and air flows.

c. Gas mixture contained 78% helium.

d. 99% confidence levels of the mean.
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Table 3. Physical Constants Used in the Calculat ion of the
Free Atom Fraction s of Selected Elements

* 

Element Wavelength g . a fb
(nm)

Ba 553.5 1.0 1.116 [35—37]

• Ca 422.7 1.0 1.55 [36—38)

Cu 324.7 2.0 0.143 [39]

Cr 357.9 7.0 0.24 [40—144)

Fe 248.3 9.0 0.353 [314 , 145—147)

Sr 1460.7 1.0 1.55 [35—36 , 48—119]

a. g.  is the statistical weight of the ground state of
t~?ie transition .

b. f are the average values of oscillator strengths of
the transition found in the literature. The numbers
in brackets are literature citations.

• 

. 

•
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Table 4. Relative Free Atom Fractionsa for the Air—Acetylene
and Helium—Oxygen—Acetylene Flames

Element air/C2H2 Hc/0~/C~11~ R~~t ioL

____  
F/0=0.814 F/o=o.58 F/O=0.90 F/O=0.70 lie/air

Ba .0035 .00114 .0089 .0087 2.~ 11

Ca .065 .079 .22 .15 2.78

Cu 100a .86 .814 1.04 1.04

- 

Cr .22 
____  .141 .25 1.86

Fe .46 .51 .82 .97 1.90

* 

Sr .080 .090 .20 .18 2.22 ’

a. Copper was used as a reference element with an assigned
free atom fraction of 1.00.

b Absorption of Cr atoms could not be accurately measured .

c. Ratio of maximum free atom fraction in the He—02—C2H2
flame to the maximum value measured in the air—C2H2
flame . -

• I
- 

-

* -•••~~

_______ _________  ‘ ‘
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• L~’IGURE CAPTIONS
~~~~~ vv~ w~~~ vv~

Figure 1. Variation of temperature with height in the a i r —

acetylene flame. Constant air flow rate, 1O.R L m in~~

Acetylene flow rate: A, 1.9; 13, 1.7; C , 1.C ;

D , 1.3 L min 1. Fuel/oxidant ratio: A, 0. 811; 
-

B, 0.714; C , 0.68; D~ 0.58. 750 i~g mL 1 Na solu-

tion aspirated into the flame for - all measurements.

Figure 2. Variation of temperature with height in the helium-.

oxygen—acetylene flame. Constant helium—oxygen

mixture, 8.14 I, min 1 He, 2.14 L min 1 02 (78% He).

Acetylene flow rate: A, 2.2; B, 1.9; C, 1.7 L min 1 .

Fuel/oxidant ratio: A, 0.90; 8, 0.80; C, 0.70 .

100 ~g mL ’ Na solution aspirated into the flame

for all measurements. -

Figure 3. Variation in flame width with height in the air—

acetylene flame . Constant air flow rate, 33.8 L mm 1 .
- 

Acetylene flow rate: A , 1.9; 8, 1.7; C, 1.6 ;

- 
13, 1.3 L min~~~. Fuel/oxidant ratio: A, 0.814; 8,

0.714; C, 0.68; 13, 0.58.

- - — —--—-- -— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure I. Variation in flame width with heityht in thc helium—

oxygen—acetylene flame . Constnn I hc’1 iuIn— oxyg i~n

- mixture , 8.li L min~~ He, .11 1 ,n in ~~ 0;- (7$~ He)

Acetylene flow rate: A , ~~~~~~ B , 1 . 7; C , 1.7 1. min~~

Fuel/oxidant ratio: A , 0.~)0; B, 0.80; C, 0.70.

Figure 5. Profiles of o , the fraction of continuum radiation

- absorbed , versus height in the flame.

Ca, ~22.7 nm , 100 ~g mL ,
(a) He/02/C2H2 flame, (b) Air/C2H2 f lame ;

Ba, 553.5 nm , 5000 ~g mL~~,Cc) He/02/C2H2 flame , Cd) Air/C2H2 flame;

Fe , 2 148.3 nm , 1000 i.’g mL 1 ,
(e) He/02—C2H2 flame, (f) Air/C2H2 flame;

Cu , 324.7 nm , 50 i.&g mL~~ ,
(g) He/02/C2F12 flame, (h) Air/C2H2 flame;

Cr , 357.9 nm , 500 i~g mL~~ ,
(i) He/02/C2R2 flame , ( j )  Air/C2H2 flame;

Sr , 1160.7 nm , 100 i~g mL
1 ,

(k) He/02/C2fl2 flame, (1) Air/C2H2 flame.

0 — Hc/02/C2H2 flame (Fuel/oxidant = 0.90)

• — Air/C2H2 flame (Fuel/oxidant = 0.84)
0 — He/02/C2H2 flame (Fuel/oxidant = 0.70)

— Air/C2H2 flame (Fuel/oxidant 0.58)

____  ____  _ _ _ _ _ _ _ _
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