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ABSTmCT 

Direct mass spectroraetric sampling studies of one-atmosphere flames 

are describ&d. A simple model of the sampling process is suamarized which 

accounts for the effects and results obtained. Stable product analysis and 

evidence for appreciable temperature dependence of fragmentation patterns are 

shown. Quantitative sampling of the free-radicals H, 0, OH and Cl from the 

burnt gas region of one-atmosphere flames is demonstrated, with direct obser- 

vation of excess free radical concentrations in the reaction zones of these 
flames. 



INTRODUCTION 

The first paperi/ in this series dsscribed the relationship hetween 

aerodynamic molecular beam formation and the problem of the direct mass spec- 

trometric sampling of systems at atmospheric pressure and above. The experi- 

mental dependence of the beam intensity was given as a function of various 

system parameters, and the laass separation effect was quantitatively evaluated. 

Since the publication of that paper, considerable theoretical and 

experimental work on the free jet expansion and aerodynamic molecular beams 

has been reported. Now a rather simple model of the sampling process can be 

formulated which accounts for the observed effects and gives a quantitative 

history of the sampling process. In this paper, we summarize this model and 

present data on beam effects and on the sampling of reactive specjes frc; 

1-atmosphere flames. 

II. BEAM FORMATION FROM HIGH-PRESSURE SOURCES 

Starting from a stagnant condition, the gas to be sampled is accel- 

erated as it approaches the sampling orifice, and reaches the speed of sound 

near the throat of the orifice. At this point, the pressure has dropped by 

as much as 15-20 per cent. From the sonic condition, the gas expands very 

rapidly as a "free" or supei'sonic jet. Along the center line of the jet, the 

expansion is essentially isentropic, reaching a nearly collisionless flow re- 

gime in a distance of 10-2C orifice diameters downstream. If the second slit 

(shimmer) is placed well downstream of the transition to "collisionless" flow, 

then shock phenomena are unimportant, and the attenuation experienced by the 

beam can be accounted for by self-scattering in the beam and by scattering 

from background gas between the orifice and the detector. 

The justification for this model has been discussed in several re- 

cent publications. The ideal expansion history downstream of the sonic ori- 

fice can be calculated by means of the Mach number vs. distance calculations 

of Sherman^/ for various ratios of heat capacity, Y. Fenn et al.,3/ have 
verified these Mach number predictions over a fairly wide range of conditions 
and discussed various aspects of beam behavior and attenuation. The authors 

have discussed sampling history, scattering behavior, partial condensation 

effects and some preliminary sampling results in two recent symposia.iiä/ 

Scotts/ has measured velocity distributions in aerodynamic beams to provide 

a more detailed picture of the expansion; Deckers and ValleauZ/ have discussed 

effects associated with collisions in the beam, and the Karlssruhe group 
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continues to work on various aspects of beam formation-®/ This work and the 

work of many others, of pertinence to the sampling problem, is extensively 
reviewed by Knuth.iv 

The  effects upstream of the orifice are less well understood. No 

analytical solution exists for the subsonic flow upstream of the orifice. A 

point sink model has been used with linear interpolation near the orifice to 

represent the subsonic flow. The results of these calculations are in satis- 

factory agreement with the more recent experimental data of Sherman.^' The 

subsonic and low Mach number supersonic flow, which is sensitive to the ori- 

fice geometry, nay be the most critical for the quenching of very rapid 
equilibria. 

A quantitative temperature pressure history of the expansion can be 

obtained from the combined subsonic and supersonic calculations. Ihis history 

is given in previous publications.iiS/ For a monatomic gas at 2000oK and 1 

atm., expanding through a 0.125-mm. orifice, the translational temperature 

drops to 300K and the pressure to 10'5 atm. within about 1.5 psec. from the 

first appreciable change. Gases with larger heat capacities will expand some- 
what more slowly. 

ThiB  simple, ideal picture of the sampling process, although it 
cannot be completely correct, should not be substantially wrong. It appears 

from the calculated history of expansion that a reaction with a positive ac- 

tivation energy will be satisfactorily quenched.!/ Reactions with negative 

temperature coefficients will be quenched only by the drop in collision fre- 

quency, as shown by the partial condensation effects observed .i2iM/ Real 

sampling situations may involve other factors. When sampling flames, one 

must consider the effects of flame-probt; interactions, of reactions during 

sampling, and of y  changing with temperature. The combined effects can, 

therefore, best be tested by sampling flames of various kinds for species 

present in known equilibrium concentration. Seme experiments of this type 
are described below. 

III. EXPERIMENTAL 

Ihe beam-sampling system, which uses a Bendix mass spectrometer^/ 

as a detector, is identical to that described in Part li/ and in Refs. 4 and 

5, except that a beam "chopper" with a phase-sensitive detection system has 

been substituted for the mechanical shutter. A magnetically driven vibrating 

reed periodically interrupts the beam. Princeton Applied Research lock-in 

emplifiers provide phase-sensitive detection of the modulated beam. Details 

will be given in a separate article. Modulation at either 10 or 50 cps gave 
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identical results, indicating that within experimental error, no appreciable 

scattered or random gas was being modulated. Although molecules from the 

modulated beam scattered directly into the electron beam would not be dis- 

tinguished bj the frequency change, we belieys; that for our geometry this is 

not a significant source of signal. In a comparison of ratios of reactive to 

stable species in flames, such as O/Og, results taken with the .manual shutter 

gave a smaller ratio of O/O2 than with the modulated beam. This observatior. 

confirms earlier evidence that the shutter-dependent signal obtained with the 

manual shutter contains an appreciable component due to gas scattered from 
the beam In the ion source. 

With the present system the background-to-beam discrimination is 
about 1,000 for moderately strong peaks. That is, one should be ^ole to de- 

tect a beam signal which is 0.1 per cent of an interfering background peak. 

This figure was estimated on the basis of the peak-to-peak noise from various 

strength background peaks, assuming a S/N of 1.0. As one check on the dis- 

crimination ratio, a weak beam of argon was created by adding about 4 per 

cent argon to a stoichiometric CO-O2 flame being sampled. The a.'^jn beam was 

then monitored while argon was leaked directly into the ion source. By the 
time the total argon signal had reached 1,000 times the original beam inten- 

sity, the argon beam intensity had dropped about 30 per cent, presumably be- 

cause of the rather high argon pressures ii1 the ion source. 

Simple sheathed burners and torch flames have been used in the work 

described here. Some survey experiments, for which adiabatic flame tempera- 

tures were sufficiently accurate, employed either laboratory torches or sim- 

ple tubes fed with premixed gases. For more careful work, she»thed burners 

were constructed from bundles of 20 gauge stainless steel tubes, capillary 

glass t^bes, or cylindrical rolls of corrugated shim stock. Direct tempera- 

ture measurements were made by standard line reversal techniques. The mea- 

sured temperatures were generally from 50 - 100oK below the adiabatic tem- 

peratures. IHiese sheathed flames gave convenient, flat flames for work in 

the burnt gas region. Because of the poor spatial resolution resulting from 

the large sampling orifices and very thin reaction zones, probing into the 

reaction zone of any of these 1-atm. flames led to only qualitative profiles. 

Ihe sampling orifices used were 90° cones spun from 0.12 and 0.024- 

mm. thick Pt-20 Rh sheet with 0.24 mm. diameter holes drilled in the apex. 

Ihe relatively large orifices were used in anticipation of work with condens- 

able species, where plugging is a problem. Although the orifices were sol- 

dered to a water-cooled plate, the tips of the orifices were white hot and 

not far from their softening points with the hotter BU-Og and CH.-Op flames. 
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IV. SAMPLING FRCM ONE-ATMOSPHERE FLAMES 

To test empirically the ability of the direct sampling technique to 

quench r«»'.. tions and to assess the major difficulties invoJ.ved, a number of 

cfv-^nient flame systems were surveyed without making a detailed study of any 

of -Uiem  The criterion for quantitative sampling adopted was that the mea- 

sured equilibrium constant for the reactions being studied agree within a fac- 

tor of two with the literature values, which were calculated from data taken 

from the JANAF Tables.±^' Experimental errors of this magnitude are usually 

to be expected for third-law mass spectrometric studies due to lack of knowl- 

edge of (a) mass spectrometer transmissions, (b) collection efficiencies and 

(c) ionization cross sections. Results are presented for stable products, 

free radicals and temperature-dependent fragmentation patterns. 

A. Stable Products and Temperature-Dependent Fragmentation Patterns 

A number of flames were sampled for the stable products EU, Og, 

HgO, CO and COg. Several CH4.-O2-AR and CO-Og sheathed flames were probed as 

a function of distance from the reaction zone. Temperatures were measured 

by line reversal for th^se flames. A few of the results reported in Ref. 4 

are repeated in Table I fo1" comparison. Stable species were measured in many 

other flames but have not been reduced to equilibrium constants, since the 

above data seemed to be sufficiently satisfactory to warrant going on to the 

more critical test of sampling very reactive species. 

TABLE I 

EQUILIBRIUM CONSTANTS DETERMINEU FROM STABLE PRODUCT ANALYSES 

IN SEVERAL FLAMES SAMPLED DIRECTLY AT ONE AIMOSPHERE 

Flame Composition 

(Mole Ratios) 
Exptl. 

Temp. 
Keq 

Exptl. 

H2 + 1/2 Og- 
Calc. 

CH4 CO 
^ 

Ar —>H20 

1 2 8 2454 234 210 
1 2.4 8 2457 151 

CO + 1/2 O2- 

210 

—»COg 

1 2 8 2454 36.4 36.0 

1 2.4 8 2457 28.9 36.0 

1 1 2769 4.9 7.6 
4 3 2624 4.5 6.0 
2 1 2834 4.8 5.7 
3 1 2807 4.4 6.4 



Two points of interest emerged from these stable product data. 

First, agreement was obtained for the H2 concentrations only after applying 

the first power of the molecular weight correction established in Pert I of 

this series.i/ Ihere is nothing in the simple model of the mass separation 

effect to indicate a temperature dependence, and none has been observed.i/ 

For the BQ  data in CH4.-02-Ar flames, the correction läiacive to Og is a factor 

of 16, the observed H« peak thus being rather weak. 

One complication which arose in making the stable flame product 

measurements was the temperature-dependence of the fragmentation patterns of 

even these relatively staall molecules. It was first observed that, with an 

ionizing electron energy of 50 ev., the fragmentation of COg to C0+ was ap- 

preciably temperature-dependent. This temperature-dependence became apparent 

when the 44+/28+ ratio for a series of progressively leaner flames reached a 

limiting value. Two experimeuts were performed to determine the magnitude of 

this change. Cp2 was added to a lean H2-O2 flame which burned at about 1950°K. 

Since there is a negligible quantity of CO in this lean flame at equilibrium, 

the 28+ observed at 50 ev. can be assigned to the fragmentation of hot COg. 

Entrainment of Kg was shown to be negligible. An approximately constant value 

of 44+/28+ was obtained over the first three centimeters beyond the visible 

reaction zone, indicating equilibration of the reaction C0g+ l/2O^=^C0^. 

The results showed that the fragmentation of COg to C0+ varies from about 12 

per cent at room temperature to 17 per cent at 2000oK in our instrument. 

A similar magnitude o.:" temperature effect was deduced from the 

44+/28+ ratios observed at 25 and 50 ev. in the four CO-Og flames shown in 

Table I. Fragmentation was negligible at 25 ev. and yielded a COg/CO ratio 

in good agreement with equilibrium calculations. The 50 ev. data could then 

be corrected for the CO contribution to 28+ and the hot COg cracking patterns 

determined. 

Another test of the effect of temperatures on fragmentation patterns 

was provided by sampling HC1 from a series of rich Hg-Og-Hig flakes which have 

been extensively studied by Sugden.ü/ Profiles of 36+/35+ (at an ionizing 

energy of 50 ev.) in the burnt gas regions of two such flames are shown in 

Fig. 1, together with measured flame temperatures and the room temperature 

value of 36+/35+ for pure HC1. A third flame, F5 in Sugden's nomenclature, 

exhibited behavior intermediate between U5 and F3. 

Two things should be noted. First, the limiting value of the 

36+/35+ ratio, well removed from the reaction zone, is smaller than for cold 

HC1 and decreases when flame temperature increases. The HCl/Cl equilibrium 

ratio is very large for even the hottest of these flames, and hence the lim- 

iting J6+/35+ should represent the fragmentation patterns of HC1 at these 

temperatures. This apparent effect of temperature on HC1 fragmentation is 

6 - 



CO 

3j 

o 
U 0) 

h 
5i 

0) P( 
•H M 
O    Q tu a 
a -p w 5 

•p 
(0 5 

c -o 
O (U 
O H 

i Pi 

u 
o 

en 

r-l    H 
JS   -P 
ü  Ü 

1 

co 

3 

CD   P 

to    CO 
0) 

3 
-P 
co 

0)     CVJ 

^ o 
I 

0)     OJ 

I« 
Ö Ä 

Ü 
H   -H 

CO   « 
ta 
h   o 
> ei 
K    C 

•H 

a 
i 

H 



comparable to the effect on COg. Temperature effects can be significant, 
even for relatively small molecules, and could seriously affect results with 
unknown systems. Flames could conceivably be convenient media in which to 
study such effects. 

There is not contradiction between the observations of high-tempera- 
ture fragmentation effects and the claim that the flame gases are cooled ex- 
tremely during beam formation,!/ since, in the latter case, reference is to 
translational temperatures. Translations!, rotational and vibrational degrees 
of freedom do not equilibrate to the same extent during the expansion. As a 
first approximation, it is assumed that there is no vibrational relaxation in 
such rapid expansion, but that extensive rotational relaxation and nearly 
perfect translational relaxation^*' occur. Thus, the translationally and 
rotationally cold CO2 and HC1 are still vibrationally hot, rnd it is probable 
that the populations of the vibrational levels control the fragmentation be- 
havior. The temperature-dependence of fragmentation could conceivably provide 
a rough way of detecting large changes in vibrational temperatures in partly 
equilibrated expansions. One would want to choose larger molecules with 
larger temperature effects, however. 

B. Reactive Species 

Another point of interest in Pig. 1 is the marked drop in the 36+/35+ 

ratio as the reaction zone is approached in these flames. Since the tempera- 
ture is decreasing toward the reaction zone (the apparent increase in Flamp 
US  of Fig. 1 is due to chemi-excitation effects), this drop can only be in- 
terpreted as being due to a significant Cl atom concentration. The abrupt rise 
in the 36+/35+ ratio at small distances occurs when the flame suddenly visibly 
attaches to the cool sampling probe, and the unbumed gas mixture is being 
sampled. Sugden has argued that in this type of flame the reaction 
H + HC1^=^H2 + Cl will be much more quickly equilibrated than the recom- 
bination of the excess of H atoms known to be present in the reaction zone.—' 
We can use the observed 36+/35+ ratios, after correction for fragmentation, 
to deduce the HCl/Cl ratio at each point in the flame. Knowing Hg in these 
rich flames by measurement or calculation, one can calculate the H atom con- 
centration. As previously mentioned. Fig. 1 should only be interpreted 
qualitatively because of the large cooled orifice which is used and the very 
narrow reaction zone at 1 atm. Nevertheless, it is of interest to compare 
the calculated ratio of [H]/[Hje- for several of these flames. Maximum ra- 
tios of 17, 320, 4:4G and 4,000 were calculated for the progressively cooler 
flames, P3, F5, U5, and UQ,  respectively. These values are comparable to 
determinations made by spectroscopic means ,ü/ and give qualitative support 
to the validity of the direct sampling scheme. 



In addition to the Cl atom measurements shown above, the equilib- 

rium Cl2^=^2Cl was studied in several cool CO-Cg-Ar flames. The results, 

reported in Ref. 4, agreed with literature values to within a factor of two. 

The most demanding test of quenching was felt to be the quantita- 

tive sampling of the species 0, OH, and H. Oxygen atoms were studied first 

in CO-Og and H2-O2 flames identical to those in Table I. At 50 ev. ionizing 

electron energy, fragmentation of COg and Og to 0 completely swamped the 16 

from 0 atoms. At a nominal 20 ev. and at room temperature the fragmentation 

of CC^, CO, and Og to 0 was negligible. In view of the simultaneous uncer- 

tainties in ability to sample 0 atoms and the suspected temperature-dependent 

fragmentation of P2, CCg, HgO, or CO, the correlations of the 0+ data from 

the several flames with the equilibrium calculations provide the best evidence 

that fragmentation was negligible at 20 ev. Table II shows the results for 

the four CO-Og flames studied. 

TABLE II 

OXYGEN DISSOCIATION EQUILIBRIA MEASURED BY DIRECT SAMPLING 

OF SEVERAL CO-Qg FLAMES AT ONE ATMOSPHERE 

Flame Composition 

(Mole Ratios) 

Exptl. 

Temp. 

CO             02 

1 1 
4              3 
2 1 
3 1 

(0K) 

2769 

2824 

2834 

2807 

0- 

Exptl. 

->l/2 Og 

Calc. 

Keq 

24.5 20.4 

22.0 15.9 

22.5 15.1 

20.9 17.0 

Figure 2 gives typical profiles in one of the flames. The effects 

of entrainment are noted at large distances while the excess 0 atoms near the 

reaction zone are a prominent feature. The partial pressures of oxygen atoms 

were determined to vary from 0.01 to 0.025 atm., assuming equal atom and 

molecule cross sections at 20 ev.il/ and making a mass separation correction. 

The equilibrium constants are in quite satisfactory agreement at the measured 

flame temperatures. 

Oxygen atoms were also sampled from several Hg-Og-Ng flames burned 
on simple torch tips. The results are shown in Table III together with the 

adiabatic flame temperatures. The agreement between measured and calculated 

atom partial pressures is quite good over large differences in the Og/O 

equilibrium ratios ia tue lean and stoichiometric flames. The excess 0 atom 
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concentrations observed could well be due to incomplete equilibration since 

profiles were not taken in the torch experiments. A more carefU. study, in- 

cluding profile and temperature measurements, was made for the 2-4 flame using 

a sheathed burner. The 0/O2 ratio was very nearly the same as that shown in 

Table II. The 0 atom profile through the 2-4 flame is shown in Fig. 3. 

TABLE III 

OXYGEN ATOMS SAMPLED DIRECTLY FROM SEVERAL 

0NE-A1M0SPHERE HQ-C^-Ng FLAMES 

Flame 

Compositl 

(Mole Rati 
on 
.OS; 

1 

2 

Adiabatic 

Flame 

Temp. 

(0K) 

2889 

2720 

2709 

2570 

Partial 
0 

Pressures in ^ 

0P Keq 
Exptl.  Calc. 

10.1    13.2 

21.3    25.6 

16.1    27.0 

32.3    50.0 

Bg   Dg 

2   1 

2   3 

2    1 

2   4 

Exptl. 

1.6 

3.3 

0.8 
2.4 

Lit. Lit. 

1.3    2.7 

2.8 ca 50.0 

0.5    1.5 

1.6 ca 60.0 

Hydroxyl radicals were sampled from an even greater variety of 

flames, with varying temperatures and mixture ratios, than were oxygen atoms. 

The same problems exist for OH de-cerminations as for 0 due to lack of knowl- 

edge of the high temperature fragmentation of HgO to 17+. The results from 

a number of flames burned on a simple torch tip are shown in Table IV. The 

18+/17+ ratios at 50 ev. show virtually no temperature or composition de- 

pendence and are in agreement with the 18+/l7+ ratio from pure water at room 

temperature. If the temperature dependence of fragmentation is the same at 

20 ev. as at 50 ev., then EQO makes . negligible 17+ contribution at 20 ev. 

in these flames. The 20 ev. ratios of 18+/l7+ correlate rather well with the 

equilibrium values as shown in the last two columns and indicate quantitative 
sampling of OH radicals. 

In the four flames of Table IV for which 0 atom data were reported, 
the equilibrium HgO+O^rr^OH could be tested. The results are given in 
Table V. 
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DISTANCE,  CM 

Fig. 3 - Oxygen Atom and Hydroxyl Radical Profiles in a Lean Hg-C^ Flame 

Directly Sampled at 25400K and One Atmosphere 
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TAW,E IV 

HYDROXYL RADICALS SAMPLED FROM SEVERAL OMÜ-AIMOSPEERE 

H2-O2-H2 AND (^4-02 FLAMES 

Flame Composition Adiabatic 
(Mole Ratios) Flame Temp. 

(0K) 

H20+/0H + Calc. 
Bg CH4 02 ^ 50 ev. 20 ev. IfeO/OH 

1 2845 2.5 8.3 4.0 
4 2830 2.9 35.8 24.9 
2 2720 2.6 11.9 6.5 
2 2 2709 3.1 19.7 14.2 
5 2627 3.3 52.3 66.7 

1 2611 3.2 37.3 64.0 
2 2570 2.8 11.4 8.3 
2 3 2524 2.8 21.7 26.6 
2 4 2334 3.0 32.5 56.0 
2 5 2330 2.8 14.6 15.7 

1 8 2330 

TABLE V 

2.5 9.8 13.1 

EXPERIMENTAL DETERMINATION OF THE EQUILIBRIUM CONSTANT 
FOR IHE REACTION HpO + 0 ^nr* 20H IN SEVERAL 

1 -O0-N2 FLAMES AT ONE ATMOSPHERE 

Flame Compositior 1 Adiabatic 
(Mole Ratios) Flame Temp. 

C0K) 
Keq for IfeO + 0, 

Exptl.      Cc" 

0.50 

^-T^POH 

Ep £2 
1 1 

leulated 

2 2889 0.52 
2 3 2720 0.33 0.44 
2 1 2 2709 0.50 0.43 
2 4 2570 0.22 0.37 

- 13 



The agreement is good, showing that 0 and OH are equilibrated. The data of 

Table III show that neither 0 nor OH concentrations alone greatly depart from 

equilibrium. As with the 0 atom data, OH radicals were sampled more carefully 

from two flames on sheated burners: a 2-4 and a 5-1 ^2"P2 f^m.    For both 
flames, results agreed with the torch results of Table III at the measured 
flame temperatures which were within 50°K of the adiabatic temperature. The 

OH profile appears in Pig. 3 for the 2-4 flame. The concentrations of both 

radicals peak sharply when the sampling orifice appears to Just touch the 

reaction zone. 

Sonu.- direct measurements of H atoms were made at 20 ev. in four 

flames varying from rich to stoichiometric. The ff1" results are considerably 

less reliable than the 0 and OH values because of the low sensitivity caused 

by the mass separation effect. Still, as shown in Table VI, in three out of 

four flames the equilibrium constant agrees with literature values to within 

a factor of two. Excess H atoms were observed, as expected, near the reaction 

zone. As yet no study of the H atom in sheathed burners has been made be- 

cause of the extreme heating of the present thin orifices in these hot, Hg- 

containing flames. 

TABLE VI 

EXPERIMENTAL DETERMINATION OP 'iHE DISSOCIATION OF Hg IN 

Flame Corapc 
(Mole Re 

i 
i 
i 
i 

SEVERAL H2-O2-N2 FLAMES AT ONE AIMOSPHERE 

isition 
itios) 

Ng 

1 

Adiabatic 

Flame Temp. 
(0K) 

ä 11 

% 

1fe- "2  _ " 

Exptl. 
Keq 

Calc. 

3 
2 
4 
5 

3004 
2669 
2635 
2627 

0.068 
0.10 
0.018 
0.025 

0.155 
0.112 
0.100 
0.043 

In one very hot torch flame, an attempt was made to measure every 

species of even minor importance. Table VII shows the ion intensities ob- 

served at 20 ev., after correction for mass separation and normalization to 

the theoretical EgO value. Even without corrections for relative cross sec- 

tions, true flame temperatures, mass spectrometer transmission, or detector 

efficiency, the results reflect the expected composition. 
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Per Cent 
Exptl. Calc. 

0.75 3.2 

2.25 8.8 

0.42 1.3 
3.2 5.6 

(47.5) 47.5 

14.7 29.9 

0.12 1.0 

0.70 2.7 

TABLE VII 

RELATIVE ION INTENSITIES OBSERVED IN A 0NE-A1M0SFHERE 

a2-02-N2, 2-1-1 PT4ME (T-28890K) AT 20 EV. IONIZING ENERGY 

Ion Observed 

H+ 

4 
0+ 

0H+ 

H20+ 

4 
N0+ 

4 

Results obtained from one other flame system are rather interesting. 

When a few per cent of either H^S or SO2 was added to a rich 5-1 H2-O2 flame, 
species profiles virtually identical to those shown in Pig. 4 were obtained. 

The initially very high concentrations of SO, S, and SO2 and the late appear- 

ance of SH and SHg are noteworthy. Further study of this system should lead 

to new insight into the mechanisms of combustion of sulfur compounds. Simi- 

larly, in a lean 2-4 H2-02 flame with SC^ or Hg
3 added, the SC^/S0+ ratio was 

nearly constant through the flame and only slightly lower than for cold, pure 

502« These observations agree with equilibrium calculations which show that 

SO2 is the major species. It may be that, with more careful study of appear- 

ance potentials and fragmentation patterns, one can shed light on the postu- 

lated existence of an isomer of SOg^ perhaps with a peroxide bonding, be- 

lieved to be formed in the early stages of the combustion of sulfur 

compounds.—' 

V. CONCLUSION 

The sampling results presented in this paper show that at least 

some highly reactive species can be quantitatively sampled from 1-atm. flames. 

The departures from the literature of the measured values of equilibrium con- 

stants are virtually all within the estimated experimental error. Such suc- 

cess is to be expected on the basis of the calculated rate of the free Jet 

expansion. Por more precise work, more study is needed on flame-probe 
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ix.      ictions, orifice size effects, expansion dynamics, and a better under- 
stanuing of the effect of temperature on the fragmentation processes. 

Two major problems must be resolved before this flame sampling 

technique can be extended ^o high-temperature, condensable species. One is 

the mundane but troublesome problem of physical plugging ~ ' the cooled sam- 

pling orifice by condensed phases of the material being sampled. This problem 

can be reduced by the use of sufficiently large 01 ifices and minumum metal 

concentrations. This difficulty will not be encountered in situations in 

which the sample and sampling orifice are in thermal equilibrium. The second 

problem is that of the nucleation or partial condensation of species during 

the expansion, particularly if the species are Initially near saturationy 

This area is being studied in a continuation of work reported earlier.■=^' 

Direct mass spectrometric sampling of high pressure sources should 

be useful in many scientific and practical problems. Sampling of the reaction 

zone of 0.01 to 0.1-atm. flames ;ls now under way in order to study the kinet- 

ics of the high temperature reactions of both combustion Intermediates and 

various other species. The extension of this direct sampling technique to 

other relatively high pressure kinetic and equilibrium studies should also be 
fruitful. 

- 17 - 
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