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i\ BSTRACT 

In several recent papers, the authors have assuxned that the 

spectral intensity ratio of suitable emission lines (e.g., c2 /CH) 

from laminar flameu was dependent only on the equivalence ratio for 

a particular fuel-omdizer system. The objective of thia study was 

to determine the effect of various a.mounts of inert diluent on the 

spectral intensity ratio of a propane•oxygen•nitrogen syete :·n. Bx• 

perimenh were conducted with inert diluent contents of 50, 60, 70, 

and 80 percent nitrogen (by maee) and with equivalence ratios of 

0.6, 0.8, 1. 0, 1.2, l.4, and l.6. The spectral intensity ratio was 

found to be a function of the percentage of inert diluent aa well as a 

function of the equivalence ratio. Since the flame tempei'tatul."es are 

dependent on the percentage of inert diluent, it appeare likely that the 

spectral intensity ratio is a function of temperatu:re. 

The angle method was used t:o obtain burning velocity data. The 

relative changes of burning velocity with change 0£ composition were 

deduced from the experimental data. 
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I. Introduction 

In several recently publbhed papers, the authors have used 

the ratios of apparent peak intensities of two rotational lines belonging 

to different emitters (e.g., CH and c2) as a m.eaeure of the r.nixture 

ratio in hydrocarbon £lames. The procedure involves first the 

determination of the spectral intensity &8 a function of equivalence 

ratio (actual molee of fu~d per mole of oxygen divided by the moles of 

fuel per mole of oxygen for the stoichiometric mixture ratio) using a 

known fuel•air input to a lamina:r flame. Then, using a calibration 

curve obtained in this manner for a given fuel .. oxidizer system, the 

spectral intensity ratios are employed, in turn, to determine local 

equivalence ratios in turbulent flames, reverse•j$t flames, etc. 

Clark(l) found the intensity ratios of c2 to CH bandl!I to be a good 

index of the equivalence ratios of flames for a given fuel. He measured 

intensity ratios in different regions of la:cninar and turbulent ethylene -

air flames and found that the intensity ratios were constant in the laminar 

flames. 

Clark and Bittker(Z) found that the radiation per unit al"ea of a 

laminar fla r:ne depends only on the equivalence ratio. They proposed 

to uae thh result for the measurement of burning velocitielil. 

John and Summerfieli3) have shown that the relative changes of 

c2 and CH intensity for a turbulent !lame (propane-air) enclosed in a 

duct a.re nearly equal, and hence turbulence did not alter appreciably 

the correlation of the spectral intensity 1·atio with equivalence ratio. In 
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several studies dealing with flame •tabilization the spectral inteneity 

ratio method baa been used. (4 , 5• 6) 

Fuha(o) has ueed the result that the apparent intensity (assuming 

that the P?Pulation temperatu.re and the effective temperature in the 

formula £or the line radia.ncy are equal) from optically thin gases, 

observed with a spectroscope having a alit width large compared to the 

line width, h proportional to the ratio 0£ the population of emitters in 

the excited etatea. 

The radiation from c2 and CH in flames is probably not of thermal 

ori1in but may be the results ef chemical reactions which produce 

molecules in excited states (chemilumineecence). In laminar flames 

the c2 and CH radiation occurs predominantly in the inner cone; it is 

unlikely that self-absorption affects the mea11uremente of intensity for 

c
2 

and CH emitters.(?, S) 

In the work using the spectral intensity method discussed earlier, 

the inveutigators have •tated or assumed, without convincing proof, that 

the spectral intensity ratio h a £unction only of the local equivalence 

ratio for a g!ven fuel-oxidizer system. The prime objective of the 

studies undertaken by the author was to aee whether this assumption is 

indeed correct. It was dec:ided to determine the effect of various amounts 

of inert diluent on the epectral intensity ratio as a function of equivalence 

ratio. ,\ propane-oxygen-nitrogen system wae used. Chemically pure 

propane was selected because it had been used in some of the studie• 

mentioned earlier in this discussion. By varying the amount of inert 

diluent, the adiabatic flame temperature is changed appreciably; hence 
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our results should provide some information concerning the effect of 

temperature OI'- the spectral intensity method. 

The laminar burning velocities for propane•oxygen-nitrogen 

mixtures were also measu.l."ed in order to serve as an additional check 

for comparing our results with thoae of other investigators. The 

burning velocity is defined as the normal velocity of the flame front 

with 1·eepect to the initial combustible mixture. (9) The angle method 

and the area method are commonly used to determine the burning 

velocity of stationary laininar flar:oee on cylindrical burn.ere. The 

burning velocity, aa determined by the area method, ie equal to the 

volume flow rate of the mixture divided by the area of the inner cone 

surface of the flame. l'he area method gives a burning velocity which 

is averaged over the total flame surface. Since a considerable fraction 

of the total surface of the cone Hes close to the burner rim, cooling 

undoubtedly lowers tho burning velocity; on the other hand, the gas near 

the tip is heated from all sides of the cone, thus increasing the burning 

velocity in this region. (lO) 

The angle method con1iesto of drawing tangents to the straight 

portion of the inner cone (the region where the tip and base effects are 

negligible). T~e laminar burning velocity is found by using the relation 

Vb = V sina., (lO) where Vb equals the burning velocity, V is the m m 

average velocity in the burner tube, and <1 h the h&lf angle of the inner 

cone (obtained from the tangent data). The accuracy of this method 

depends on how closely the following a•eurnptione apply to the flame 

studied: (9) (l) The divergence of the gas stream from the a.dal direction 



between the burn.er port and burning surface is negligihle. (2) Tb.e 

nature of the flame reactions in the straight po1·tion of the cone a?'e 

nearly c:on.stant and are representative of the reaction under eltu.dy. 

(3) The flow is laminar. (4) The straight poTtion of the cone includes 

the stream tube where th<e velocity is the average v@locity passing 

through the burner (O. 707 times the bui·nel" radius). (5) The surface of 

maximum temperature gradient is parallel to the region defined by th.e 

onset of luminosity. 

Many variations of the above methods have been used. It is 

actually debatable as to which method (if either) is superior. Compre .. 

hensive surveys and extensive references to the published literature on 

this subject may be found in the books by Lewie and von E:lbe, (ll) Qaydon 

and Wolfhard, (lZ) and Joet(U) as well as in surveys by Poorman, <9) 

Linnett, (lO) and Fiock. (l4 ) 

In the studies discussed in this report the angle method was ueed 

because the apparatus ueeded wa.a simple and inexpensive, a.,1,').d the re'1ult~ 

obtainable are satisfactory for showing the relative changea of burning 

velocities with changes of composition. 

II. Apparatus and Ii:Xperimental Procedure 

The apparatus which was assembled to obtain laminar .flames of gae 

inixtures of known equivalence ratio and percentage inert diluent content 

is shown echemattcally in Figu:re 1. i\lao shown is the optical mystem used 

in obtaining information needed to detet·lnine lr.uninar burning velocities. 

The gases were supplied to the system from standard com:me:rcial high.­

pressure tanks. Chemically pure propane, oil pumped nitrogen, and 
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extra dry grade oxygen "vere the gases uaJed in all e .xp@rh:nents. The 

ga:s pressure was r..educed by a high-pressure rcguiator and an accurate 

low-pressure regulator connected in l!eries in each line. Pree sure 

gauges, sensitive to about (l/16) psig, were attached downstream of each 

low prerBsure regulator. 

Fischer and Porter precision bore metering tubes with ball-type 

floats were used to meter the gases. These rotameters deliver within 

± 2% of their calibrated flow, except near the IL.nits of their respective 

operating ranges. T_he flow rate of each gaa wa.a con.trolled by a needle 

valve placed downstream of the rota.meter in each line. 

1~ach gas line wa& tapped into the upetrearri end of a rx-1ixing 

chamber, which consisted of a steel pipe about 2. 5 inches in diameter 

and 24 inches long, capped at each end. The chamber waa filled with 

small tubular glass beads to promote mbting and abo to make the cha.m.be:t" 

an effective flashback arrester. It was concluded that good mixing was 

achieved since the observed flames were steady and reproducible. Copper 

tubing was used to connect the outl0t from the downstream end of the 

mixing chamber to the burner. 

The burners used for the studies ware hard copper tubing with in­

side diameters of l. 012, O. 704, and O. 386 centimeters. The burners of 

various inside diameters were needed to achieve laminar flow a:nd 

reasonable flow rates, and ti.'> keep the quenching e.ffoct of the burner to 

a minimum for the large number of rnixtures of gases used during thi'l 

studie!!. 

An objective lens\ system from a motion pictu.i-e Ci.mera was uaed 



to magnify and p'.l."oject the image of the inner cone of the flnme ,mto a 

ground glass ilcreen. A plane rnirror waa used in the eyste rn to place 

the hnage on a. horizontal surface for ease in t:racir1g the outHne of the 

inne.r cone image. .A magnification of about 4:1 waa used. The r5ystem 

was aligned and focused by placing an Hlui:ninated aquan,: grid network 

in the plane of the flame cone. Then the system w~. ~ .n<lju;.;ted to obtain 

a clear magnified image of identical vertical and horizontal proportions 

aa the grid net·,,,01·k on the ground glaes ac :reen. Originally a double• 

convex: lens was used in the aystem, but pincushion distortion waiZ, fountl 

to be sever.e. With the final system it is estimated that erroi:·s in optical 

alignment could not contribute .m error of ;.,a.or~ than l 111' to the rneasured 

value of the burning velocity. 

Figure a ahows scb(,matica.Uy the ~~xped,mental equipment tb.at waa 

used to obtain the data needed. to compute tht, apect:r.al intensity ratio ill. 

A Jarrell .Ash. sp_ectroscope with an f number of 6. 5 and a linear dis­

persion of 18 .R /nJ.m was used. An RCA 1P2S photomultiplier tu.be (glaee) 

located at the ex:it slit of the spectroscope aet·ved as a detector. The 

spectra were :1:·ecorded by a Leed'1 and Northrup Speedoma.R R~corder. 

The voltage input to the photomultiplier. tube was n1,aint.iined constant and 

relatively low throughout all of the e:,perimenh. By using thib3 n-iethotl, a 

lower noise level was achieved and, furthermore, th,:~ output curre:r.tt of 

the photomultiplier was kept low, thus helping to avoid the difficulties 

associated with fatigue of the photcn1ultiplier tube. (lS) Th-r~ ou.t.put 0£ the 

photomultiplier tube war& amplified and then fod to the ,reco:i."der 1u1.it. 

Various amplifications were found to change a given spectral intensity 
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ratio by less than 23/ct; this discrepancy wa@ smaller than the lack of 

reproducibility (5%) obeerved when identical tests were conducted on 

different days. 

An ir.o.age of the inner cone was formed on the slit of the spectro• 

scope by suitable adjustment of the condensing lense. The slit waia 
r 

masked to prevent radiation from the tip and base of the inn.er cone from 

entering the opectroocope. .Also the slit waa located so that radiation 

from the edge (or leg) of the cone did not enter the spectroscope, becaueie 

it was found the spectral intensity ratio from the edge increased, re­

mained the sa1ne, or decreased, depending on the specific fuel-oxygen­

nitrogen r:pJxture. Th.is effect may bG U.."lderstood in tern1s of the 

relative positions of the radical a in the reaction zone. (lb, 17 • lB) Spectral 

intensity ratios deter rnined from any part of the straight portion of th® 

inner cone (excluding the cone edge) were the earne for identical fuG:?1-

o,~ygen-nitrogen input to the flame. In all tests the rude of the inner cone 

image wae placed on the slit and a slit width of several hundred microns 

waa used. The spectral intensity ratio waa found to be independent of 

the monochromator scanning speed, for all practical purposes. A 

scanning rate of 50 R /min was used to get sufficient line detail and still 

not make the time required to get the desired spectral regions pro­

hibitively long. 

The following rotational lines were lilelected for th.e computation of 

spectral intensity ratios: 
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Wavelen;th, i Transitions Enrltter 

5165 3 
TF-

3
TT<o. o) c2 

4737 3 n-=3 Tio. o> c2 

4324 2 Ll-..2 ·IT(o, O) CH 

4312 2 
A--

2
TT(O, O) CH 

These lineo were selected because they are well isolated; .further1:nore 1 

the spectral intenaity ratios of 1everal combinations of lines could be 

compared. For a given equivalence r&tio, the epectral i:n.te:naity ratios 

based on the ilitronger lines {5165 i, 4312 l) were 1·eproducible to within 

about 5 percent when using the same rotameters. 

All tests were conducted in a darkened 1·oom1 and a flat black 

screen wae used behind tlte flame. These precautiona were taken to 

reduce scattered light and radiation .reflection, stop air movement from 

disturbing th.e flame, and make the irnage of the flame on the ground glass 

sci·eem distinct. The tempe rature of the room was at all ti:rr' .. es between 
' ,-

71°F and 75°F while the expel'irnenti, were in progress. 

The procedure followed in the tests involved first the calculation of 

the necessary flow rates for each gas to obtain a gas mixture of a desired 

equivalence ratio and a desired percentage of nitrogen (by r:nasa). It wru 

very trying to obtain a. total flow rate of a desfred gas mi.xture e;uch that 

tha flam,::: neither blew off nor flashed back, and had a suitable bmer cone. 

We considered the inner cone imitable when the atraight portion of thll~ 

cone was large aa compared to the b,u1e and tip fiectione (thia was uwually 

a height/ radius ratio of greater than 5 or 6). Jnamee fro rn gal!l n:tlxtu res 
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of low equivalence ratios and large percentage of nitrogen we1·e very 

sensitive to blo'W•off and flashback (a very narrow range of flows could 

be used), while flames from rich gas n:1b:tures cortt&ining large amounts 

of nitrogen are not very steady (air currents caused slight m.overnsntr:i). 

When a euitable flame wae obtained, the radiation entering the 111lit was 

scanned 1.Yith the spectroe;cope. A wavelength interval on ea.ch side of a 

deeirad line we,s taken so that one could deter~-n1nt9 thee magnitude o.f 

background continuum (eee Figure 3). The background radiation wae 

always au.btracted in rneaeure.rnenttJ of line intensities, thue b1su.ring that 

only radiation from the desired emitters was used in th(,! calculation of the 

intenaity ratio. This scanning ope.ration was repeated !io that one could 

deter'.'.nine the! average height of the lines and determine the amount of 

variation. Usually the variation was less than 2 % of the tot.al Une height. 

Tangents to tha image of the inner cone o:f the flarne (see F igure 4 

for a typical il::n.age) were drawn on tracing pape1~. Thes® tangentfil were 

drawn parallel to the upst~ear.n side of the bright i n1age . Cr:>neecu.tive 

measurements of the angle between the tangents for th~ sa.An e flarne 

showed a reproducibility of about five percent. This variation would 

affect the burning velocity reproducibility by the sa. rne a.moun.t. 11.ttempts 

to r@produce the burning ve ,ocity data on dif.ferent days reenlted in 

variations &ii large 1u 10'% in some ca:l11e:.il. 

m. Expe:r.itn.ental Results and Diacu1uion 

Tha :i:~sulta of the expe:dznental studies are presented ix1 :ngures 5 

th:i:ough 12. In Figul·es 5 through. 11 the opectral intensity ratio (the in• 

tenoity of a. c
2 

line divid.ed by this intensity of a CH line) is plotted agaixrnt 



10 

the equivalence ratio of the mixture (the actual .fuel-oxygen ratio 

divided by the stoichion:)etric fuel-oxygen rati.o). Curves have been 

drawn through the points obtained from mixtures containing the same 

percentage of nitrogen (by mass). Figures 5 through 8 are believed to 

be more accurate than Figures 9, 10, and 11 since in the for naer the lines 

(5165 f, 4312 i) used to determJ.ne the apectral inten~ity ratio are 

stronge:r and, therefore, the signal to noise levels were mu.ch larger. 

It was found experimentally that the intensity ratios of the 5165 R to the 

4,312 j, lines were reproducible to within about 5 percent on different days, 

even with different total flow rates, as long as the !3s.n1~':l diametc➔ r bu.rnec 

and the same combination of flow-meters were u,sed. If dHfo:i.-ent con1bi• 

nation:s of flowrneters were used, the 1·eproducibility ;,·'las no i: atJ g00d i!:l 

general. This fact emphasizes the need to u5e flo,·,metors ,vi.th the proper 

flow range. In this work the eame combination of flowmeter.:J ueum.lly 

proved satisfactory for obtaining all the needed infoi-mation. fo~ 1-nixtu:res 

of a fixed percentage nitrogen content and for & certain burner tu.be. 

The reproducibility o! the ratios obtained from the weak.er lines wag found 

to be poorer. 

Figures 5, 6, 9, a.nd 10 ehow that the maximurn intensity ratio occura 

at a larger e·quivalence ratio as one decreases the pei.-cent&ge nitrogen 

content in the gas mixture. Also the maximum intensity ratio of the 

stronger lines tends to be larger with. decreasing ine.t>t diluent content 

while, to a lesser extent, tb.e opposite is obser\•ed to be the case foz- the 

maximum intenei1ly ratio based on the weaker lines. Th~ cur-vf.H!I seem to 

become flatter with increasing diluent content. Thus it is obvious that, 
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in general, the intenBity ratio is a more senoiti-ve function of the equi­

valence ratio for mixtures containing smaller amowit11 of nitrogen. 

Smaller diameter burner tubes were needed to prevent the ilow 

from becoming turbulent as rnixtureB containing lower percentages of 

nitrogen (faster burning) were used. Figurea 7 a.nd 11 show the changes 

in Gpectral intensity ratio with different burner tubes. The curves for 

the O. 386 cm burner (60% nitrogen) are sornewhat higher than the curves 

for the 0. ?04 crn burner (60'% nitrogen). In .fact, the curves of 60'% 

nitrogen for the 0. 386 cm burner are quite similar to the curves of ·10 1/u 

nitrogen for the 0. 704 cm bul"ner. These ch.anger, of inteniJity ratiof!l with 

change 0£ burners were probably due to blcrea.sed qu.enching with the 

smaller tube. 

The curveai on Figure 8 show that quenching had very little effect 

when the 0. 704 c.:n tube and l. 012 crn tuba were used. The relatively 

large scatter of the points for the curve obtained with a. 1. 012 cm. tube was 

due to changes of the initial rcixture temperatures of about 11 to 14 °F. 

The large:t' spectral intensity ratios were found on days when the i"Oom 

temperature was approximately 82 to 85°:F, instead of the nor,nal 71 to 

75°.li' room temperature. 

Vlob.l and Welty(! 9 ) have studied radiation intensity as a function of 

position in reaction :tones for butane-air flan'les. They found that the 

decay of c2-radiation in a lean flame waa very rapid &. jj compared to 

CH-radiation decay. P.,s they used progressively richer mixtures, tha 

decay rate oi c2 -radiation began to approach that of CH radiation. On 

the basis of these results, they concluded that the reaction between c 2 
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and o2 was especially fa.st. Possibly the ahift of the n:U1xim1.1ma of the 

curves in l-"'iguree 5, 6, 9, and 10 to richer mixturelil with decreasing 

percentage, of nitrogen in our 1·esults wa.111 pa.rtia.lly due to the rnore 

intimate contact of the c 2 with o2, th.us promoting fast r.en1oval of Cz 

from the reaction zone for r.nb:tu:res of lower equivalence ratios. 

Tho :nas(ZO) measured the effect of preheating on. the c
2 

and CH 

emission fro r.;1 ethylene-air flames of fixed equivahmce ratio. His 

results showed th.at the ratios of c2 to CH intensities we:i:e functions of 

the initial mixture temperature. Since preheating and iner.t diluent 

content 'tloth change the final flama temperature, it i~ b.,,a,~ve<l that th.e 

ch.ange13 of our curves with arnount of b1et>t diluent are largely cleter r.n i.netl 

by changes in. temperature. 

Clark(l ' l) found curves of spectral intensity ratio as a fonction of 

equivalence ratio for propane-ah· flames that ar-e very ~Lnilt'H' to the 

curves we found for mixtull!'es ccnta.i.ning 70 % nitrogen (by .r.'1.age). Clark 

stated that leveling off at equivalence ratios of approxirnatdy l. 3 might 

be due to the eurrounding air rnixing with the rich<~<! ffa .. m.e~, thus causing 

the actual equivalence ratios to remain near 1. 3. The cu.rves on Jtig,.n.-es 

5 and 9 tend to prove the above observation to be false , as the curves for 

75% and SOfi) nitrogen leveled off at equivalence ratios where there wa~ a 

surplus of oxygen. 

Clark(l) also found that the intensity ratios were constant in 

diff'eren.t regions of laminar flames. We found changec at the tip, the 

base, and at the edges ol the cone during prelhninary teats. ·we believe 

that Clark did not find changes becaus~ he used a much lat>ger slit width 
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than we did. Vie n.'linin.uzed this change with position from. our resulte 

by always looking at a portion of the central a,d a not containing parts 

of tho flame tip or flame ba.ae of the ir..n.er cone. 

In Figure 12 the laminar burning velocity (in cm/ sec) ia plotted as 

a function of the percentage of inert diluent (nitrogen) by mass. The 

large scatter of the points obtained from richer mixtures was prirn.a:rily 

due to the slight unsteadiness of very rich flame~. which made the pro­

cedure of drawing tangents to the inner con.0 inaccurate. Burning velocity 

datg were not takei"l fol:' lean rnixture flan1es, since in some case~ the 

flarn.e tended to lift off the bui·ner slightly and the inner cone became 

flatter. When this happened, the diameter of th,e base of the cone was 

larger th.an the burner diameter, and the angle method was no longer 

u!ileful. It was impossible to get stable flames from any r:nixtux-es con­

taining 90% nitrogen. The burning Yelocities of mi;ctures containing SO% 

nitrogen were the same for all practical purposes. Hence. it is helieved 

that the mixtures containing 80% nitrogen are very near the flammability 

limit. 

The use of the angle method for determining burning velocities of 

relatively slow burning hydrocarbon flames probably fails to satisfy the 

:requirement that the divergence of the gases from the a.:dal direction 

b@tween the port and the burning surface be negligible. This and the 

above ~entionod difficulties aeem to indicate that it is very difficult to 

obtain accurate burning velocities of slow burning hydrocarbon flarnee 

over a wide range of equivalence ratiofl by either the a.ngle method or tha 

total area method. We can conclude that the method used wae iruiccurate 
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for absolute determination of burning velocities, 'but was satisfactory 

for showing the relative change of burning velocities with cornpoeition. 

IV. Conclueione 

The spectral intensity ratios of c2 and CH lines from laminar 

flames we1·e found to be dependent on the percentage of inert diluent 

and the equivalence ratio of the gaa mixtures. The chemical reaction 

rates producing CH and c2 are known to be functions of the a rnount of 

inert diluent. Our results show th.at the •pectral intensity 1·atios of CH 

to c2 are not unique functions of the mixture ratio but rather of the 

ch:arniluminescent processe• producing the emitting species. Hence the 

use of the spectral intensity ratio method for measuring local equivalence 

ratios in turbulent flames, rever•e•jet flames, etc. is queationahle. 

The burning velocities of nearly stoichiometric mixtures were 

found to be a more •enaitive function of the a:nount of inert diluent than 

for rich mixtures. 



15 

References 

1. T. P. Clark, "Studies of OH, CO, CH, and Cz Radiation fron-i 
Laminar and Turbulent Propane-air and Ethylene-air Flames", 
NACA Technical Note 4266, June 1958. 

Z. T. P. Clark and D. 11
, . Bittker, 11 .A. Study of the Radiation from 

Larnina.r and Turbulent Open Pi-opane •.Air Fla rr1es as a Function of 
Flame Areas, Equivalence Ratio, and Fuel .Flow Rate 11

, NACA 
!:.:search Memorandum E54F29, i \uguat 24, 1954. 

3. R. R. John and M. Summerfield, "Effect of Turbulence on Flame 
Radiation", Jet Propulsion!!_, 169-175, 178-179 (1957). 

4. R. R. John, E. S. Wilson and M. Summerfield, 11 Studies of the 
Mechanism of Flame Stabilization by Spectral Intensity Methodsi:, 
Jet Propulsion ZS, 535 (1955). 

5. E. S. Wihon, R. R. John and M. Summ&rfiesld, ''Spectroscopic 
Studies 0£ the Effect of Boundary Layex· .Flow on Fb.rneholding11

, 

Jet Propulsion 27, 892-894 (1957). 

6. .A. E. Fuhs, "Part I • E;xperimental and Theoretical Studiee on 
Heterogeneous Diffusion Flames, Part II .. Spectroscopic Studies of 
Flames", Ph.D. Thede, California Institute of Technology, 
Paeadena. (1958), p. 91-107. 

7. S. S. Penner, Quantitative .Molecular Spectroscopy and Gas 
£mi&aivities, Ac!dieon-Weeley Co. (in prese). 

8. N. Thomas, "Analysil of the Combustion Wave by Preasure Effects 
and S.pe,etroscopy", ~sical Measurements in G,u Dynamics and 
Combustion (Volume I , ffigh SReed Aerodynamics and Jet 
Propulsion Series, Princaton,ew l'ereey:Princeton University 
Pre••• .1954) Section N, p. 563. 

9. H. R. Poorman, 11Some ~.::xperimental Studies of Laminar Burning 
Velocity', A. E . Thesis, California Institute of Technology, 
Pasadena (1953). 

10. J. W. Linnett, "Methods of Measuring Burning Velocities " , Fourth 
(International) S m 01dum. on Combustion, Williams and Wilkino 

ornpany, • t more l 0. 

11. B. Lewis and O. von Elbe, Combustion, Flames and Explosions of 
Oases, Acadernic Press, Inc., New York 195L 

lZ. P. G. Oaydon and H. 0. Wolfhard, Flames, Chapn'lan & Hall Ltd., 
London 1953. 



16 

13. W. Jost, Explosion and Combustion Processes in Gases, Croft 
Translation, McGraw-Hill Book Co., New York 1946. 

14. E. F·. Fiock, 11 Measuren'lent of Burning Velocity", Physical 
• • Volume IX, 

_i-,.;,g..;__...,,--._. __ _.,_~_.._.;..!'-_ _. __ __;.,.;.........;.,,.,;;,;.,..;.;.;;.,;;;..;i;.;;e;,,,;;.=e• Princeton 
ect on K, p. 409. 

15. G. H. Dieke, 11 Photoelectric int(?nsity mea surements in spectra/', 
Trans. Inatr, Measuremenh Conference, Stockhol rn 1947. 

16. ;\. Q. Gaydon and H. O. Wolfhard, 11 Mecha.nism of .Formation of 
CH, Cz, OH and HCO Radicals in F-lames", Fourth (International) 
Sy.mpoeium on Combustion, Williama and Wilkins Company, 
Baltunor~ 1952, p. Zll. 

17. K. Wohl, F. Welty, L. Bernath et al., Inst. Mech. E:ngrs. London 
J. &Proc., Sept, 1951. 

18. R. E . F erguson and H. P. Broida, " .Atomic Flarnee: six~ctra, 
Temperatures, and Products", li'ifth (International) SlZm~osium on 
Combustion, Reinhold Publishing Company, Naw Yor 19 5, p. '761. 

19. K. Wohl and F. Welty, "Spectrophotometric Traverees through 
Flame Fronts", Fifth International) S:-un,,....,.,.eium on Combustion, 
Reinhold Publishing Company, or 1 4 . 

Z0. N. Thomas, . "The Effect of Initial Mixture Tem pen.tu :re on Radiation 
from _Flame•", Transactions of Fara.day Society 4 7, 956 (1951). 



M
 

N
 
t
N

 
t
N

 

F
l 

!F
l 

!F
l 

P
1

P
 1

P
 

T
l 

IT
 I

 I
T

 I
 

I 
c~

 
□
 

I 
n B

 
L

 
I 

T
 

T
 

-
G

a
s 

S
u

p
p

ly
 T

a
n

k
s 

H
R

 -
H

ig
h

 P
re

s
s
u

re
 R

e
g

u
la

to
rs

 
L

P
 -

L
o

w
 P

1<
e
s
s
u

re
 R

e
g

u
la

to
rs

 
p 

-
P

r
e
s
s
u

re
 G

a
u

g
e
s 

F 
-

F
lo

w
r
a
to

1·
s 

N
 

-
N

e
e
d

le
 V

a
lv

e
s 

M
 

-
M

ix
in

g
 C

h
a
m

b
e

r 

B
 

-
B

u
rn

e
r 

T
u

b
e
 

C
 

-
F

la
m

e
 C

o
n

e
 

G
G

S
 

P
M

 

L
 

-
O

b
je

c
ti

v
e
 L

e
n

s 
S

y
st

e
m

 
P

M
 -

P
la

n
e
 M

ir
r

o
r 

G
G

S
 -

G
ro

u
n

d
 G

la
s

s 
S

c
r

e
e
n

 

F
ig

u
re

 
l.

 
S

c
h

e
m

a
ti

c
 D

ia
g

r
a
m

 o
f 

th
e
 

A
p

p
a

ra
tu

s 
U

se
d

 t
o

 O
b

ta
in

 D
e
s
ir

e
d

 G
a
s 

M
ix

tu
re

s 
a
n

d
 

L
a
m

in
a
r 

B
u

,:,n
in

g
 V

e
lo

c
it

y
 D

a
ta

. 

--.J 



F
la

m
e
 C

o
n

e
 

~ ~ 
B

u
rn

e
r 

R
e
c
o

rd
e
r 

&
 P

h
o

to
tu

b
e
 

P
o

w
e
r 

S
u

p
p

ly
 

P
h

o
to

tu
b

e
 a

n
d

 
E

x
it

 S
li

t 
I ] 

0 
I 

E
n

tr
a
n

c
e
 

I 
S

li
t 

C
o

n
d

e
n

si
n

g
 

L
e
n

s 

G
ra

ti
n

g
 M

o
n

o
c
h

ro
m

a
to

r 

F
ig

u
re

 2
. 

S
c
h

e
m

a
ti

c
 D

ia
g

r
a
m

 o
f 

th
e
 A

p
p
a
ra

tu
s 

U
se

d
 t

o
 O

b
ta

in
 D

a
ta

 f
o

r 
C

o
m

p
u

ta
ti

o
n

 o
f 

th
e
 

S
p

e
c
tr

a
l 

In
te

n
si

ty
 
R

a
ti

o
s.

 

.... (X
) 



19 

4 73 7 _R molecule c
2 

I 
I 

I 
I 

4697 _g_ 

4 715 _R 

/ 
/ 

/ 
/ 

4679 j 

Zero line 

1--0 

Continuum 

Wavelength >.. 
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