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ABSDZACT 

The oxygen and hydrogen free radicaI (atom) concentration profiIes in the 
premixed propane/oxygen flame at 92.5% oxygen were determined using ekctron 
spin resonance (ESR) spectroscopy techniques. Tbe ESR instrument was speciahy 
modified so that the flame can be probed for determining the oxygen and hydrogen 
atom population densities during the actual combustion process of propane burning 
in oxygen. The technique used for propane is similar to that suggested by Fristrom 
and Westenherg to measure the free radical concentration protiIes in C-C hydro- 
carbon/oxygen combustion. 

INTRODUCnON 

An understanding of the chemicaI reactions and rate processes which occur in 
flames requires a knowledge of the composition of the gases in the flame zone. Such 
an understanding is important from the standpoint of controlling hydrocarbon 
combustion for maximum power outputs and minimum ecoIogicaI damage. Individual 
particies found in the flame zone are molecules, ions, and free radicals_ A typical 
concentration distribution of these species in a combustion flame would consist of Z 
numbers of moIecuIes, IO- ’ 2 numbers of free radicals, and lo- ’ 2 numbers of ions. 
Concentration measurements of these various species, both stable and unstable, in 
flames of various types have been made by a number of experimental techniques’. 

Some of the methods which have been employed for measuring free radical 
concentration in flames are calorimetry’, mass spectro~copy~, absorption spectro- 
scopyq flame photomet+, and tracer reactions6. The relative merits and disad- 
vantages of these methods have heen discussed by Fristrom and Westenberg’, One 
of the most promising methods of measuring free radical concentrations in flames 
invokes the use of electron spin resonance (ESR) spectroscopy. Some quabtative 
ESR measurements have been made by producing a ffame directly in the ESR 
instrument cavity*. This method, however, does not allow quantitative determination 

*Present addressz Department of Chemistry. University of Natal, Durban, South Africa. 
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of the concentration profiles of the free radicals. Westenberg and Fristromg developed 

a method by which hydrogen and oxygen free radical (atom) concentration prof!iIes in 
gas flames could be determined. The method invoIves the combination of ESR 
spectroscopy and a sampIe probing technique_ The ability to make measurements for 

concentration levels of atom and radical species inside the flame itself offers exceiient 

prospects of studyin, m ffame exciters and suppressants. Quantitative concentration 

measurements are based on the use of molecular oxygen as a reference” and on the 

theoretical developments brought out by Westenberg and De Haas * I_ The investi- 
gators determined the oxygen and hydrogen 
premixed C-C hydrocarbon;‘osygen flames. 

In the present investigation, the same 

similar pro&s for the propane/oxygen flame. 

radical concentration profiles in the 

method was employed to determine 

The instrument used in this investigation is a Model 771 Hitachi eIectron spin 

resonance spectrometer for which the magnet was specially designed to achieve field 
stren~&zs up to 7000 G. The instrument was modified by the Perkin-Elmer Corpora- 

tion in a manner described by Westenberg and Fristrom”_ The experimentaI 

armngemem is shown in Fig. 1. 

TO WC 

Fig. 1. Combination ESR and sample probe for experimen*ally determining chemical free radicals in 
fI-. 

In this investigation a ffame is produced in a chamber under a pressure of 

20 torr by 2 burner designed to produce a unidimensional flame. A quartz probe for 

which the distance from the burner can be adjusted is used to sample a portion or 

portions of the flame. The sampled gas is then passed down a quartz transport tube 

through the ESR cavity, The entire burner and transport tube assembIy is moveable 

so that radical concentration measurements at different points along the transport 

tube can be made. This allows the extrapolation of the concentration values back to 
the probe tip as previous@ described’ 3_ The oxygen hnd propane flow-rates are 

measured by a Ma&son mass flowmeter (Models 8110 and 8112, respectively). 
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The present investigation involves study of flames for which there was an 
excess of oxygen (92.5 mole “A). A PGM-IO Raytheon microwave power generator 
was used to dissociate oxygen which then was passed down the transport t&c to clean 
it of free radicals and to serve as a scavenger. The molecular oxygen F line was used 
for calibration purposes and the calculations were carried out as previously described, 
using the relative Q values previously determined for oxygen and hydrogen radicals, 
namely 5.64x IO-’ :-nd 5.48 x IO-‘, respectively’4*1’. 

RESULTS AND DISCUSSION 

Figure 2 illustrates the oxygen and hydrogen radical concentration profiIes for 

the premixed propane/oxygen flame. No measureable oxygen or hydrogen radicals 
existed in the luminous zone of the ff ame. At the end of the luminous zone, where the 
fuel was exhausted, the oxygen and hydrogen radical concentrations increased rapidly 
to a maximum and then dropped off with distance, because of reaction and diffusion. 

The profiles ihustrated in Fig. 2 are similar to those previousiy obtained for 
ethanejoxygen, ethylenejoxygen, and acetylene/oxygen flames * 6. From these results 
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Fig- Z Oxygen and hydrogen radical concentration profiles in the premixed propane/oxygen flame 
(92.5% oxygen). 
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several concIusions are drawn. On the basis of equilibrium considerations, because of 
the Iow concenmtions in the luminous zone, neither the oxygen nor the hydrogen 

radical can be responsibre for fue1 removal. Instead, the hydroxyf radical probabIy 

enters into reaction with the hydrocarbon fuel. Since the hydrogen radical is Iight in 

u-eight and diffuses rapidly, it appears from the slopes of the hydrogen radical 
concentration pr0fiIe.s that some reaction in the post-Iuminous zone invoIves the 

hydrogen radical. This reaction is undoubtedly with the molecuku oxygen”, In 

genera1 the data obtained in this investigation support the conclusions of Westenberg 
and Fristrom. 

Some generalized correlations may be made by comparing the maximum free 

radical concentrations for the fuels &Hz, C2H4, C2H6 and C3H, _ The vaIues are 

shown in Table I_ Not surprisingIy. the maximum hydrogen radical concentration 
increases with increasing numbers of hydrogen atoms in the hydrocarbon fuel 

TABLE ! 

AdAXIMUM OXYGEN AND HYDROGEN CONCEXIXATION IN SOME 
GASEOLiS HYDROCARBOX/O?XGEN FLAUES 

Marinuun cormzn2rarfon (mok percenr) 

Hj-ahgen rGdira1 Oxygen radical 

&Hz 0.08 0.35 
Cd& 0.14 0.33 
CZ& O-24 0.25 
CS% 028 0.40 

molecuie. The maximum oxygen radical concentration slightly decreases with 

incre&ng numbers of hydrogen atoms in the fuel molecule for the C, type hydro- 

carbons. This effect may be caused by more of the dissociated oxygen being present as 
hydroxy1 free radical rather than as the oxygen radical, if more hydrogen is avaiIabIe. 
There is a striking increase in the maximum oxygen free radical concentration going 
from the C-C hydrocarbons to propane, an effect which must be due to the extra 
carbon atom in the propane molecule. This e&z-t is understandable if mokcuIar 
oxygen is dissociated in the reactions Ieading to CO= formation; hence, if more CO1 
is formed then more oxygen free radical is formed, Studies invoIving a greater number 

of gaseous hydrocarbons burning in oxygen are necessary before more positive 
conchzsions can be reached. Studies of this type are presently in progress. 
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