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Apparent Population Temperatures for OH in Flames. JI. Emission Studies*t

S. 8. Penner

Guggenbeim Jet Propulsior Center
California Institute of Technology
Pasadena, California

Even if a Boltsmann distribution exists for the population of molecules in
varisus energy levels, it is not possitle to odtain a satisfactory interpretation
of experimental data unless the product of maximum spectral absorption coefficient
Ymax &nd optical density X is sufficieatly small, Detailed calculations are f
presented which show that thg oxperigental results, which suggest anomalous '
rotational temperatures for <3 — < transitions of OH and weak predissociation
for the higher rotatiornal energy levals, can be accounted for by using sufficiently
large valuas for Ppay X. In this connection it is of interest to note that the
large values of Ppax X are in agreement with the best available absolute
intensity estimates based on data which have been odbtained by Oldenberg and his
collaborators. Plots for the determination of population temperatures for an
isothermal emitting system at 3000°X are summarizei for the Py~ and Pp- bianches
of the (0,0)- band of CH for 23y — 2T transitions. Apparent population
temperatures up to 19.ooo°x can be obtained. Particularly noteworthy is a
falling off in intensity for the higher rotational energy levels, which can be
seen {0 represent a natural consequence of the fact that the maximum spectral
emissivity decreases rapidly with increasing rotational energy of the initial
state. 'We believe that the calculations given ia this article cast doubt upon
the significance of reportad rotational flame temperature anomalies concerning OH.

I. INTRODUCTION

Experimental studies of populetion temperatures in flames have been
reported, by different investigators, for the ZZ —» 2 .\T transitions in
flames at low preuurul'z and at atmospheric preums.l's" When the
experimental data are treated according to conventional techniques, the plots

which are used for the determination of rotational temperatures are found t¢

® Supported by the 0.§.R. under contract Nonr-220(03), NR 015 210,

"
+ The author is indebted to Mr. E. K. Bjormnerud fo: psrforming the nur.ierical
calculations.

A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. 2084, 63 (1951) and
ecrlier publications.

2 3. 8. Penner, M. Gilbert, and D. Weber, J. Chem. Phys. (In press).
3 H. P. Bréida and K. E. Shuler, J. Chem. Phys. 20, 168 (1982).
4 H, P. Broida, J. Chom. Phys. 19, 1383 (1951).
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exhibit discontinuities or curvatures both in the regions of small and
large values of the rotational energy E(K) of the initial (upper) state.
The "discontinuitics® observed for small values of K have been variously
attributed to the formation of OE in the excited electronic state by
different chemical reactions leading tc a bimodal distribution of population
danlitiel.1'4 to falsification of experimental data by absorption of emitted
radiation by cooler gas layers through which the flame is viewed.4 and to
lelf-ab.orption.s The curvatures observed for large values of X have been
1nterpretedl to indicate predissociation according to the nrocess

Yt 2 Y - 0(%p) + B(%s).

In a previons pubiication® we have called attention to the fact that the
best avajiiabdle intensity estimates7 on OF indicate that the product of the
maximum absorption coefficient Ppay and of the optical density of the emitters
X i{s generally larger than unity for the more intense spectral lines of OH in
flames. In Section II we examine quantitatively the effect of the size of
Ppnay X on apparent population temperatures in flames for emission experiments.
This study leads us to the conclusicn that most of the experimental data can
be accounted for by a population temperature which is close to the adiabatic
flame temperature. Thus, we are in substantial agreement with Dieke that the
obgserved discontinuities or curvature for small valuee of Eg may be the result

of self-absorption.® Furthermore, it is not certain that the apparent falling

5 G. H. Dieke and H. M. Crosswhite, The Ultraviolet Bands of OH,

The Johns Hopkins University, Bumblebes SJeries Repcré MNe, 87, 1942,
6 S. S. Penner, J. Chez. I'hys. (in press). Hereafter referred to as I.
?

. © and 0. Oldenberg, J. Chem. Phys. 12, 251 {1944); O. Oldenberg
and F, F. Rieke, J, Chem. Phys. 6, 439 (1538).

* The %erm self-absorption is somewhet misleading since it svcogests that the
basic law for emission or absorption of radiation shows that intensities
vary linearly with optical density which ${s, of course, not the case.
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¢ff in intensity for lerge values of By, for which Geydon =nd Wolfhard have
invented an inzenious predissociation mechanism, {8 not also the result of
falsification of experimental data by self-absorption.
II. THE EFFECT OF SELF-ABSORPTION ON APPARENT POPULATION TEMPERATURES IN
EMISSION EXPERIMENTS
The effect of instrumental distortion on experimental data will be
neglected in the oresent discussion. For the sake of simplicity, a complete
analysis will be carried out orly fcr studies involving peak intensities. It
is shown in Appendix I that the results obteinad for integrated intensities, for
representative calculations, are similar to those obtained for peak intensities.®
Hence %“he applicability of the principal conclusions reached in the following
discussion depends only on the experimeatal determination of valid relative peak

or integrated intensities for different spectral lines.

A, Equations for the Determination of Apparent Population Temperatures

For spactral lines with Doppler contour the maximum observable intensity

in emission, I gy, i8 given by the relation
(o] J
Inax = B°0Vg@y) | 1 - exp (<Ppay X (1)

where R°(s’£ u) denotes the intensity of radiation emitted by a dlackbody,

which is at the sane temperature T, as the gaseous emitters under study. The

® In ceneral, peak initensity ratios are obtained if the instrumental slit
width is small compared %o the line-width, whereas total intensity ratios
are measured whon the instrumental slit-width is large compared to the
line-width,
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f1. uency \’iu is obtzined {rom the values of the uiner (Eu) and lower
(El) energy levels by use of the Iohr frequancy relation. For spectral
lines with Doppler contonr 4t is well-known thet Ppay = S, (mc2/2u' th\’l ‘21)%.
wnere S[u is the integrated intensity for the transition under study, m egquals
the mass of the radintor, ¢ is the velocity of lisht, k represcnts the 3oltzmann
constant, and Tt ie the translational temperature (I). Let

€' = Lax/R°Wp,) (2)
and

XxX=-P X (3)

max

whence it follows that 00

..e' = : xn/nl. (4)

n=1

It 18 evident that £ ' represents the maximum value of the apectral enissivity
for the enitting spectral lines. If the population temperature of the amitter
is defined in the usuel way, then €' & 1.

By using Eq. (1) 2ud the defining relations for £' and x it is readily

shown that
cx=g [1ed g @) /) (603 -] (5)
For very small ‘ralues of €', Eq. (5) leads to the usual result, viz, - x = £! or
(Sgy X) (me?/2wk 2Wp2)E = I, /BO(Vg,) for £' << 1. (6)
Fron an appropriate expression for § g, end Eq. (6), 1t is readily shown that (I)
DL [t/ Wgu) 5, (0%) 1 for gt << 1 -
d B KTy

where g, 19 the statistical weizht of the urper in1t11) energy state and Qlu
is the matrix elemcnt for the trans.tion under =study.
If €' is not small compared t0 unity then it is no longer possidle to

obtain the value 0¥ Ty in a simple manner uniess avsolute values of €' are




available. Thus, in zeneral,

din {xmu fl +3 £V + (1/3)(£|)2+(1/4) (€')°+ ...]/(Vju)3 %(%lﬂ, S1 ¢

d 5, Ty

B, A Method for Demonsiratin~ the Sff“t of Self-Absorrtior on Apparent
Population Tomperatures of OH (“¥ = “ T Transitions).

We procead now to exarnine quentitatively the cffect of the absolute valuee
cf €' on arparent population temperatures determined according to Eq. (7).
In particular, {t will be demonstrated that for small velues of K the
experimentally observed curvatures and discontinuities can be accounted for
quantitatively by a uniromm temperature T, which agrees closely with the
adiabatic flame temperature.

Plots of loz [1'__‘8_1/(!’(“)3 gn(qlu)zl as a function of E, can be
constructed for various assumsd valunes ¢f £!' by proceading according to the

scheme outlinad below.

(1) Assume a value of ¢!, for examrle, for the P,- branch, (0,0)- band, for
the transition identified by the index K = 1, using the notation of Dieke and

Crosswhite.® It 4s then evident from Eqs. (1) and (2) that
(Paax X)g = 1 = - 2.303 Log [ 1 - £1(x = 1)] . (9)

(2) Calculate the ratio 84, (K)/8g,(K = 1) from the expression
2
82, (K) = gu(x) (K) Vo (K)
a1 gu"‘"“ﬁ‘“ Vom0 | [0 0m] e

x{exp[h Voo (K)/k T] - ]} x {exp (h\’[u(hl)/lﬂ] -1} ~1. (10)

The first fraction aprnearing on the right-hani aide of Eq. (10) 1is given by
8

9

results obtained by Hill and Van Vleeck™ as writtan in convenient form by Earls

E. 411 and J. H, Van Vleck, Phys. Rev. 32, 250 (1928).

2 L. T. Earls, Phvs. Rev. 48, 423 (1025),

8)
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and itabulated hy Dieke and Crouvhitos

. The quantities \?[u(x) and B, (K)

have also been tabulated.5 Relative intensities of speotral 1ines belonging

to the Py~ and Po- branches, (0,0)- band, ZZ - < " transit ons of OH at 3000°K
are given in Table I.

(3) Deternine (Ppax X)y from the relation

Sgy (K) . Ve, (k=1) (11)

oax X = (oo D=+ 5, @1 'y, @
and evaluate
g' @) =[1 - oxp ~(Ppay Vg ] - (12)
(4) Calculate
(tmsx)y = ' 0 [2° W] g (13)

2 3
(8) Finally calculate log (Ingx)x -log gu(x)[qlu(x)] [Vlu (K)] } and
plot this quantity as a function of 2, (K). From the slope of this plot

determine the apparent rovulation temperature T,' in the usual way by applying

Eq. (7).

The resulte of calculations carried out according to the scheme outlined
above are summarized in Fig. I for the P; -~ branch for various assumed values
of £' (1), in Fg. 2 for the Py~ and Po- branches with ¢! (1) = 0.90 for the
P, - branch, and in Fig. 3 for the P)- and Py~ branches with §' (1) = 0.50 for
the P; - bdranch.

111. DISCUSSIOK OF RESULTS

Analysis of the data listed in Fig. 1 leads to the conclusions enumerated

belovw.

(1) For sufficiently small values of €' (1) the apparent and true values of

(7) appliea in good
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(2) As the value of §' (1) is incre. sed, the plots constructed according
to Eq. (7) show increasing curvature for the more intense rotational lines
wntil for g7 (1) = 0.5 and sreater the constructed curves simulats population
temperatures which are of the same order of magnitude as the values reported
for flamen. It is easy to see how a limited numder of experimentisal points
between K = 3 and K = 20 can be correlated by two intersecting straight lines.
'Wo offer this observation as a possible explanation fcr the reported anomalous
values of the population temperatures of OK. Apparent population temperatures
T,' obtained for lines with 104K & 18 for the Py~ dranch, (0,0)-bind, and
2z - 2'[]' transitions of OH at 3000°K are 1isted in Table II as a function
of the assumed velue of €' (1).
(3) For sufficiently large values of X, all of the curves become parallel
independently of the assumed values of €' (1). Thus all of the experimental
data yield apparent population temperatures which are in agre:nment with the
trues value of the population temperature., Hemnce, by extending experimental
studies to sufficiently large values of Kk, it i{s alwvays possible to obtain
unambiguouvs estimates of the true population temperature. Since the slope of
plots constructed according to Bq. (7) always approaches, as & lower limit,
the slope correeponding to the true population demperature, it is possille that
the falling off in intensity for spectral lines with large values of K is not
produced by predissociation® but is rather the result of falsification of
experimental data by self--absorption. This last conclusion is supported also
by the data plotted in Figs. 2 and 3 which show that some of the lines
belonging to the Py~ branch fall below the correspending lines belonging to
the Po- bdranch. Gaydon and Wolfhard reported preferential weakening for large
values of K for lines belousing to the Py~ branch for (1.0)- and (2,1)- bands.
On ine other hend, for the (0,0)- band the small calculated separation seems %o

increase Ior liines with larger specirul siilssivitiss

(4) Additional support for our contantion that emission speclia may hevs



e

nisinterpreted, 13 obtained by noting that estimates of €' (1) for

25: - 2 ]T transitions and the (0,0)- band, , which are tased on the

best availatle absolute intensity measurements for lines of 03.7 leed to the
conclusion that §' (1) is cenerally so large that extensive self-absorption
must occur for representative combustion flames (I). Finally, examination
of the data used by Gaydon and Wolfhardl to establish predissociation in the
(1,0)=and (2,1)- bands shows that the experimental results yield lower valucs
for the population temperature ror tiae weaker spectrai lines.

In conclusion it appears appropriate to call attention to the fact that
the experimentul results of Gaydon and Wolfherd for large velues of X and
(1,9)- or (2,1)- bands yield rotational temperatures for acetylene — oxygen
flames which are clearly lower than the adiabatic flame temperature. These
results may indicate simply that the effective temperature in the center of
the luminous zone is lower than the equilidrium temperature for complete
combustion. The data may also support the predissociation mechanism of Gaydon
and Wolfhard.l It is evident that a decision between these two alternate
intarpretations can be reached by careful experimental ctudy of population
temperatures in low-pressure flames as a function of position in the flame,
using preferentially the experimentnl results obtained for large values of K.
The fact that the observed separation between lines belonging to the Pj- and

Po~ branches 1s in agreement with the direction of separation predicted from

a study of self-absorption, leads us to the conclusion that the predissociation

mechanism requires support by further careful experimental study.
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Pelative intensities of spectrarl lines belonh-ng to the

P}~ and Pp- branches, (0,0)- band, ard °
trensitions of OF, at 3000°K [ 8p5(2)/8p (1)

Sp (KY8py (1)

1.00

1.29
1.59

1.83
3.0
2.09
2.11
2.06
1.9
1.79

1.61
1.4
1.21
1,02

0.842
0.681

0.541
0.421
0,323
0.244
0.181
0.132
0.0954
0.0678

0.0475

0.0328
0.0224

0.0181
0.C101
0.0067

=0494

Sp2(K)/Spp(2)

1.00
1.8€
2.61
3.22
3.63
3.84
3.90
3.80
3.58
3.28
2.92
2,63
2.15
1.79
1.46

1.16

0.%12
0.702
0.533
0.397
0.291
0.210
0.150
0.105

0.0730
0.0500
0.0338
0.0226
0.0149
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Appurent population temperatures T,' obtzined f;;om lince with
10 €K 618 for the Fy- branch, (0,0)- band, and 2§ — 2T

transitions of OF at 3000°K, as a function of assumed values

of £ (1).

g' (1) Ty's °K
0.1 3,000
0.3 3,000
0.5 ~ 3,500
0.7 ~ 5,000
0.9 ~* 6,500
0.95 ~ 10,000
0.999 A 19,000
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APPENDIX I. BASIC RELATIONS IN TERMS OF TOTAL EMITTSD IETENSITIZS

The expressions given in Eqs. (?) and (8) require slight modifications
when total intensity ratios rather than peak intensity ratios are availabdle.

If the apparent integrated intensity of the spectral line with center at the

frequency V[u i3 denoted by the symbel A(s’]n). then, as is woll—knom.lo

oo
3 -1
CTRER AV SR ﬁfi (Ppsx X) Zo [(”"l)g("’l)’] (-Boag X)"$,(4-1)
n=
Prom Eqs. (1) and (A-1) it follows that

Lax = [A(\yu)/vl n] (nca/ZI ut)% ’ (A-2)

vhere o0 N -1
T={(Ppax X g [(m1)§ (ml)!] (~Ppax x)n} [1 - exp (-Ppay x)] . (aA=3)
o=

Since T = 1 for Ppgy X€¢1, it is apparent from Eqs. (7) and (A-2) that

4 e
94 n [A(V,eu)/ Yeu ulagy) J P - for §'<< 1 for all lines. (A-4)
A% T

Equation (A-4)is the expression which is usually employed for the interpretation

of experimental data. The value of { is plotted as a function of P . X in
Peg. (A-1).

When conventional plots for the determination of population temperatures
are constructed according to Eq. (A-4) for arbitrary values of £' (1), results
substantially equivalent to those shown in Fig. 1 are obtained. In this case
the quantity A(Vlu) can be calculated from Eq. (A-2) after obtaining Ipax by

use of the procedure dcscribed in Section IIB. Construction of curves analogous

0 - .. S S
= H. Ladenburg, Zeits. i. Fhysik 3, <00 (1530).
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to those shown for the Pj- end Py~ branches in Jigs. 2 aud 3 leads to the
conclusion that the separation between lines belonging to the F)- eand Py
branches 1s slightly cdecreased. Thus, although the direction of separation
between lines belonging to the P;- and Pz- branches is the same as observed
by Gaydon ani wclﬁmrd.l there is a discrepancy between the quantitative
behavior of intensity as a function B, (E) £0r large values of K. Ia sals
conncection it may be of interest to nots that the splitting between dranches
for large values of K has not been observed for the (0,0)~ band by Gaydon

and Wolfhard.
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rent 2o wlation Temwercturcg fox SO i Flones, TTI. Absorotion Stud;eg‘T

Gusscenhein Jet Iropulsion Center
“alifornte Irnstitnte af Tachnnloay
fagsadenr, >nlifornia

Reprosentative absorption  studies for the determination of rotational
te"neratuxea in flames havn been anclyzed for the Py- branch, (0,0)~ vend,
W = 2 Z transitions of CH at 3000°K. The celculations show that erroneous
interpretation of experimental results occurs if the oroduct of maximum absorption
coeffictent (Ppay) and optical density (X) is not small ccmpared to unity. Sample
calcwlations for a blackbody light source show tha% the customary procedure for
treating experimentel results will perrit adequate correlation of the data by
straight lines up to relatively large values of Pnoy X. It is remarkable that the
precoding statenant remains true even under conditions in which enission data for
the 2 ~b 21 transitions clearly indicate that P is no longer small
compared to unity. The apparent rotational temperature of the ground electronic
state varies by only a few hundred degrees when the temperature of the lizht source
{3 incrensed frem 3500°K to 8000YK, the direction of the changs being such that
the apparent temperatures of the flame are the more neerly ir agreement with the
actual temperature of the flame the higher the temperature of the light source. The
calculations emphasize the fact that correlation of experimental data by straight
lines is no assurance that an error in interpretation i{s not being made. We believe
that the data presented in this article cast doubt upon the significance of absolute
values oI rotational temperatures obtained from conventional interpretation of
experimental data on absorrtion by OE in {lemes.

1. ITRODUCTION
The expeririecntal data and the effect 6f self-absorption on population terperatures

,
in emission ex-eriments have beern reviewed in the rreceding article.” It is the

~

purpose of thie presert anelysis to indiceste briefly prossible effects of larze values6
of PpaxX On apparent population temperatures gl' obtained in absorption exreriments
for srectral lines with Doppler contousr. The results of calculations for 2“ -» 2:
transitions of 0% and the (0,0)- band show that the aprarent population tamperature

is strongly decendent on the absolute numerical value of PpgaeX and relatively

insensitive to the temperature of the 1light source, as loang as the so rce is
appreciedbly hotter than the fleme. Hsacs it must be concluded that the avellnble
exnerimontal detz on ebsorption exmeriments for the detcrminantion of the pomlation

temperature of the ~r¢ md state cannot be interprected unequivocaelly to represent the

actual rnonulation temmerature of the ground state.

* Sunported by the O.N.R. under contrsct Nonr-22C(03), NR 015 210.
T lunertsa) ~alculations were performed by Mrs. B. MacDunald.
1
2

s

5. 3. .eaner, v. ci:8a. ihySe. (in uress). Hereafier referred ¢ as II.
For octinntes cf tha maenftule of PpaxX in lcw-rres vre flames 3ce
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11. THE EFFECT OF SILF-ABSORFTION ON APPARENT POrULATION TEQXIRATURES IR

ABSORFTION EXPERIMENT

At thernodynamic equilibrium the spectral emissivities and adscrptivities
arising from a given transition are identic:zl. Hence it is to be expected
that falsification of experimental data in absorption experiments needs to bs
considered rshenever self-absorption is known to be of importance in emission.
The following analysis is restricted %o the us= of peak intensities for the
calculation of popul=tion temperaturos..'lnetnmental distortion will be

néglected as in (I,

A, Equations for the Determination of Apparent Population Temperatures

In an absorption experiment with a source which is much brighter than the
enission lines and which emits the spectral radiant intensity Bs(\’).‘ the
maximum value of the fractionel ebsorbed intensity, &' = Apay/Rg®py), 1
given by the exnression

&' =1 - exp (-Ppay X) (1)

whence, proceeding as for emission (II),

a2

n=1
and
_x=ar[1ed &+ a/aanPe /e (&)%), (2)
For &' << 1, Za. (2) reduces to the expression -x = &' or
(g, X) (ne’/2mi 1 Vg 320 = day Rg Wgy) (3)
where (I)
Sgu X¥ (8 °x/3ne VVpy n qtﬁ [exr (-E g [k 1'1)] . (4)

* TFor definitions and symbols which correspond to those used in the study
of emission experinents see I1_ oTr I,

4 The uge aof apnarent tata)l ahanrntion mananremanta 18 discussed briefly in
the Appendix,
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Here T,t is the populetion temperature of ¢he ¢round (initiel) state ir an
absorption experiment, From 3qs. (3) and (4) 4t is readily shown (1) that

for greybody emitters,with the effective temperature of the source, Tg, large

compared %o Tf .

é{ri_m/é\x ag E] =_ 1
d El le

. (5)

For arbitrary values of &', Zq. (5) should be replaced by the expression

alnitmxfu 3 o+ (1/3) (' §+ (1/4) (&)3 +-..] /ey (%)2,}:_3_ . (8)
Xz, <l

From Eq. (6) 4t is evident that Tl can, in general, be determined only if |

absolute values of @' are known, b

B. A Method for Demonsgtroting the Effect of Self-Abgsorption on Apparent
Population Temperztures of OH (: =» <% Transitions)

We proceed to exanine quentitatively the effect of absolute valuves of &\!
on apparent porulation temperatures determined according to Eq. (5). Plots of
log {Am/gu (ql u)2] as a function of E[ can be congtructed Tty using the

followirg scheme.

(1) Assumé a value of 8, for exsrmple, for the Py- branch, (0,0)- band, for the
transition i1dentified by the index X = 1, using the notation of Dieke and
Crosmh".te.:3 Next calculate O¢!'(K) by using the sams procsdure 28 wesg used o
obtain the maximum volues of the spectral emissivity for the line with index X (II).
(2) Celculeate

Amax = &' (K) Bg Wpy) (7)

@ G. ¥. Dieke and H. M. Crosswhite, The Ultroviolet Bands of OH,
The Johns Yorpkins University, Bumblebee Series Report lo. 87, 19%is.




agsuming a2 blacitocdy distribution cuive for the source at tiio temperature Tg.

2
(3) calculate log { (Apax ) qu(x)[%lh (xil } and plot this quaniity as a function
of Ete(x). From the slope of this plot determine the apparent porulation

te:merature ?l' in the ususl way by enplyvings Eq. (5).

The rosults of calaswlations cazrried out zccording to the schene outlined
above are suri:arized in T™es. 1 to 4 for &' (E<1) of Py~ brench = C.l1,
2.3, 2.7, ~nd 0.9, respectively, for two or more values of the source
temperature Tg. Apparent population temperatures for .he relevent exrerimental

conditions are indic:ited in Tgs. 1 to 4.

II11. DISCUSSIC:’ OF PZ3ULTS
An2lysis of the data presented in Pigs. 1 to 4 leeds to the conclusions

enunerated below,

(1) Experinental data treated according to conventional procedures nermits
correlation of results by linear plots even for values of @' (K=1) of the

Pl- branch which are so large that ?z ! differs aprreciably from ?l . Hence
abgolute volues odtained for T" cennot be considered to be meaningful without
convincing proof that P .. X is sufficlently snall for the spectral lires under
study to justify conventional treatment of data.

(2) Apparent population tempcratires ?l ! are always larger than ge . The
difference batween Ql ! and @‘ decreases somewhat as the temperature of the
1ight source is increased, for fixed velues of Pmaxx. dowever, the aprarent
temreratures are relatively insensitive to the numerical value of Tg, decreasing
by only a few nundred degrees 28 Tg is raised fron 3500°K to 8000°K.

(3) Tor sufficiently larze values of @' (E=1) for the Pj- branch, discon%inuities
or curvatures are observed in the cocnventic:ul plots which are reminiscent of

the results ohtained in emission experiments (II).

o
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(4) Conparison with estinntes of a'(k;)'oased on the absolute intensity
neesurenents performed by Cldeaderg and his collaborators.4 shows that

&' (E=1) for the P,- oranch is too large to permit the detemination of
rotatioral terrersture by the use of Zg. (T) unless cere 18 takern to utilize
only svectral linas with larse veluses of K. The porsicular vslues of X which

can te used depand evidently on the sbeolute value of & '(k=1).

Adejuzte care in tlhe interpretation of absorption studies, &8 well es of
cnissiorn studies, peruits the determination of both the true rotational
temparature and of the concentration of the absorbing or amitting species,
rrovided *he population of molecules in the rotetional energy leveis obeys the
“Mexwell-30ltznann distridbution law, Thus deta on spectral lines with large X
czn be used to obtain Tl . lNext e family of curves, for the lnown values of
T‘ and Tg, 18 constructnd, for example, for different velues of &X' (E=1) for
the Py - branch (compere Tigs. 1 to 4). The date obtained by using Eq. (¢) for
the lower values of X can then be employed to deternine 0¢' (k=1) whence the
optical density X ie determinad since slu is known.f=

In cunclusion it aprearc desirable to cali uttention to the fect that some
of the published experimental measurements on adbscrption by O in flsmes suggest
the sane sort of curvatures as would be obtained if a carwe were drawn threcugh

~

the calculated data shown in Fgs. 1 to 4.

4 g, J. Jryer and 0. Oldenberg, J. Chem. rhys. 12, 351 (1944); O. Oldenberg

ard ¥, F, Pdels, J. Crer. Phys. 6, 439 (1938).

° K. P. Bro!de, J. Chem. Phys. 18, 1383 (1051), C<. Fig. 5.
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APFPENDIX. POPULATION TREMPERATURES BASED ON APPARENT TOTAL ABSORPTION
MEASUREMENTS FOR SPECTRAL LINES WITH DCPPLER CONTOUR
It is readily shown thet the apparent total absorption Ap is related to

the peak absarption Apgay through the expression

huas =g - T - Wp ) @ePemin, (1)

wvhe rel
-1

S
I‘ [1 -~ oxp (~Pmax -Y-)] (Ppax x)-l g [(n i Ui (o + 1)!]-1(Pm x)n o (a=2)

By the use of Eqs. (A-1) and (A-2) it 1s a sirmla matter ¢o convert the dots
given in Figs. 1 to 4 to the corresponding plots involving Ap. The values of ?’
a3 a function c¢f Ppay X have been given in Fig. (A-') of II, Conclusions
derived from conventional plots in terms of Ap for e2stimating population
temperatures do not differ significantly from the material given in Section III,

for the ranga of spectral emissivities considered in the present analysis.
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Apparent Porulation femperatures for OH in Flamesg, IV, Isointeasit .
Method for Emigsion Expe Timents®

S. S. Peaner

Guggenheim Jet Propulsion Center
California Institute of Technology
Pasadena, California

Representative calculations to determine observable peak and total intensity
ratiot in emisoion for spectral linss with Doppler contour have been carried out
for 27" — 277 trensitions, (0,0)- band, Pj- branch of OE at 3000°K. The
calculations show that the ratioa of peak and total intensities are functions of
absolute values of the products of maximum absorption coefficients (Ppey) and
optical density(X)for the lines under study. Hence quantitative interpretation
of experimental data is not possible unless proper acccunt is taken of the
influence of absolute intensities on experimental results.

I. INTRODUCTION

In earlier publications of this series we have examined the basic relations.l

the conventional procedure for the determination of population temperatures from
emission studiol.z and the conventional procedure for the determination of
population temperature from aboorption'oxperimant..s These investizations nave
shown that a simple explanation for apparent flame temperature anomalies can be
obtained by taking proper account of the effect of absolute values of maximm
spectral emissivities on experimental results. It is the purpose of the present
ann.ysis to irvesytigate the influence of absolute values of spectral emissivities

on the use of the iscintensity method.4'5 Representative calculations have been

¢ Sugpported by the O0.N.R. under contract Nonr-220(03), NR 015 210.
1 3. 3. Penner, J. Chem. Phys. (in press). Hereafter referred to as I.
2 rart 11.
8 Part III.
4 G, H, Dieke and H. M. Crosswhite, t Ban
The Jchns Hopkins University, Bumblebbe Series Report No. 87, 1948.
)

K.E.Shuler, J. Chem. Phys. 18, 1466 (1950).
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carried cut fcr dZ - ZT‘r transitions of OH 2t 3000 K for the (0,0)- band

and the Py~ dbranch., The results o the present analysis show that reportad
flame temperature anomalies, obtalned by use of the iscintensity method, uay
be the result of failure to allow for the effect of absolute values of the

spectrai emissivity on the peak and total intensities of spectral lines with

Doppler contour.®

II1. OUTLINE OF CALCULATIONS
Two spectral lines, which are differentiated by the indeces X and K!, appear
to have equal peak intensities Inax in an emission experiment it
Inax (K) = Ipay (K1), 1)
vhere I,,, is given by 2q. (1) of II. For various assumed values of £' (K=1)
of the Py- branch at 8000°I. it 1s a simple matter to calculate the ratios
- (K)/Ipax (E=1) by following the procedure dsscribed in II. The results of
these calculations are summariszed in Table I and representative values are
plotted in Mg. 1.°*
The spectral lines, which are identified by the indeces K and k', appear to
have equal total intensi{ties in emission if
A (X) = A (K') (2)
vhere b . .
Mx) = [ 8, (me/z2riey) Fy, )] [pm(x)x]z[ml)*(m)!]' [-p, @)z} . (3)
By proceeding according to the method described in the Appendix of I1I, it is

readily shown that
MO/AGD) = [Tnax )/ 1aag®)] [Vg 0%, @] [ 7 &y 7] @

Representative numerical values of A(K)/A(K') are l1isted in Table II and plotted

8 prsvicus papers of this series.




in Mg. 2 for 2 Z = 2-“- transitions of OH at 3000°K for the (0,0)- band

and the Py~ branch.

II1. DISCUSSION OF RESULTS

Reference to the data listed in Tables I and II and plotted in Figs. 1 and 2
shows that the ratios Ipgy (K)/Ipay (K') and A (K)/A (K') are funciions of the
valus of ¢' (B=1) for the Py- branch, the dependeace on ¢' (K=1) becoming stronger
as ¢' (¥=l) approaches unity, i.e., as the exteat{ of sslf-abscrption increases.
This observation is emphasized Yy noting, for example, that the line having
absolﬁto psak intensity closest to the line with K= 3, has K = 13 for ¢' (1) = 0.1,
K=13 for ¢' (1) = 0.3, K= 14 for ¢' (1) = 0.5, K= 15 for ¢! (1) = C.7, K =18
for &' (1) = 0.9, K=19 for & (1) = 0.95, and K= 21 for &' (1) = 0.99.
Comparison of the data given in Tables I and II and plotted in Figs. 1 and 2,
rewpectively, also shows that the effect of self-absorption in falsifying the
data obtained by use of the isointensity method is more pronounced for peak emitted
intensities than for total intensities.

It is somewhat difficul’ to drav general conclusions regarding the effect
of self-absorption on reported flame temperatures using the isointensity
method, However, it is clear that anomalies obtained without regard for the
effect of absolute spectral emissivities require reexamination,

The c¢ffect of self-absorption on population temperatures determined from the
isointensity method can be demonstrated graphically by using the procedure
developed by Shulers vhose methed {e equivalent to the sessummtion that total
intensity ratios A{X)/A{X') cau bs replacsd by the product of $ransition
probebility ratios gu(x) [qh(x)] 2/3‘1(xl) [qju(x'))z and appropriate exponential

factors for spectrnl lines which are close togeivher. Plots o .
2 2)
E(K) - 5(x') ve. log{ £a(K) | qp(X)]“/ea(®') [q)y ()]}  are ahown 1x e, 3
\

ATy




wh=

as a function of ' (1) for pairs of spectral lines for which Ipeag(K)/Inax(K')
is nearly equai to unity. Similarly, plots of
E(K)=E(K') vs. log‘{gu(x) {qfu(xilz/gu(x') [Q¢n(x'5]2} are shown in Fig. 4 as a
function of §¢' (1) for pairs of spectral lines for which A(K)/A(K') is nearly
equal to unity.

Reference to Mgs. 3 and 4 shows that the plots deviate progressively
more from straight lines as £' (1) is increased. Apvsrent population temperature
Ta' are noted on the curves given in Figs. 3 and 4. The results are seen to be
an immediate consequence of the dependence of the X- values for lines with egqual
peak or total intensities on §£' (1), Hencs the conclusion is reached that
the effects of self-absorption in distorting experimental date do not necessarily
cancel in first order for the isointensity method, although the disvortion of
date is less marked than for the procedures considered in II and IIl. A simple
physical explanation for failure of the isointensitv method at large values of
the spectral emissivity is obtained by noting that the quantities RP(qu)
influence the observable intensities and that BP(\Qu). wvhich i{s a function of
temperature, is not the same for any distinguishadble pair of spectral lines.
Furthermore, equally intense spectral lines, for which sﬁu(x) = s/gn(x').
have 3lightly different widths since the Doppler width is proportional to ths
frequency of tks line center. Thus the conclusion is reached that the effects
of self-absorption will cancel exactly only for equally intense spectral lines

with line centers cccurring at identical frequencies.
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Table 1I. Representative numerical velues of A (K)/A (1) as a furctioa
of €' (%=1) for the P,- brench, (0,0)- band, 25" — 27T
transitions of COH at 3300°X.
A(E)/A(1) for

r e)=0a £'(1) = 0,6 £'(1) = 0.9 £'(1) = o.ég\

1 1.00 1.00 1.00 1.00

2 1.31 1.24 1.15 1.11

3 1.61 1.47 1.25 1.20

4 1.88 1.64 1.34 1.27

5 2.07 1.77 1.39 1.32

5 2.2 1.86 1.43 1.36

7 2.27 1.90 1.47 1.39

8 2.26 1.91 1.49 1.41

9 2.20 1.90 1.50 1.43
10 2.08 1.84 1.51 1.43
1 1.93 1.76 1.50 1.43
12 1,75 1.65 1.47 1.42
13 1.56 1.52 1.42 1.39
14 1.35 1.37 1.36 1.35
15 1.15 1.2 1.27 1.28
16 0.968 1.06 1.16 1.19
17 0.793 0.888 1.04 1.08
18 0.636 0.726 0.902 0.959
19 0.509 0.599 0.772 0.828
20 0.337 0.477 0.635 0.696
21 0.305 0.373 0.515 0.569
22 0.232 0.286 0.405 0.454
23 0.173 0.217 0.313 0.352
24 0.128 0.161 0.237 0.269
25 0.0935 0.119 0.176 0.201
26 0.0671 0.0859 0.129 0.147
27 0.0478 0.0615 0.0927 0.107
28 0.0336 0.0433 0.0657 0.0757
2) 0.0236 0.0304 0.0463 0.0526
30 0.0161 0.0212 0.0321 0.0372

A\l - T

v -

i el



2.0

1.6

0.8

0.6

0.4

l | I
| |
] /D—<’9k ! IL
- 8 }5\__.._ S +- _! _
/ Ly E()=0.1 | |
f R | f
R N O N AR SR R S
AR T
( . ! !
| L
AR e
NPT e | |
. LAY | :
/ * |\ ! i ' ;
| i o
|/ | ! |
B N B
. Y I |
/ ol 3 \ |
—-—/{-f . » ?\ \\ ! i
| \ ~+£11)=0.95
I L Vil A
) i —4 - | |
‘WX \ T
B i | |
\ \‘ N\ :
o LY " N i
I 'R |
VL
R4y |
Fig. | \o \L v T! |
, N | |
The ratio I q,(K)/ 15gx (1) as o { \! i |
function of K for the A -branch, %% "\ |
| \
_ 2 2 . R |
(0,0)-band, “Y — 1T transitions F__.__.T\&‘L__
of OH at 3000 °K for ditferent ! | %\‘}“
values ot E°(1) i |
4 8 12 16 ¢0 24

Sod



FIG. 2
THE RATIO A {K)/A (1) AS A FUNCTION OF K FOR THE P, - BRANGH, (0,0) - BAND,
23 — 11 TRANSITIONS OF OH AT 3000°K FOR DIFFERENT VALUES OF &'(1)
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IV. CONCLUDING REMAEKS

In concluding the quantitative studies of the effect of self-
absorption on apparent population temperatures in isothermal systems, it
appears desirable to irdicate the connection between this work and the
interpretation of spectra obtained from flames. First of all, it must be
acknowledged that flames are not isothermal emitters and that, therefore,
any conclusions drawn from the study of 1aothe!_1na.1 systems can be applied
to the interpretation of flame spectra only after it has been established
that the flames under study constitute reasonable approximations to
isothermal systems. In general, the distortion of expserimental data
resulting from temperature graudients in the field of view must also bd
considered. A quantitative study of the coupling between distortions
resulting from self-absorption and from temperature gradients in the field
of view is currently in progress.

The quantitative calculations described in the present analysis suggest
that some of the reported "anomalies® concerning flame temperatures for OH
cannot be accepted as valid experimental evidence without further quantitative
proof. For example, & decreass in apparent population temperature from the
bottom to the top of a flame may indicate either higher temperatures of OH
or else higher concentrations of OH at the bottom of the flame. Similarly,
"normal ® temperatures for OH in H

2
{n the same flames containing a trace of acstylene may indicate either

- 02 flames but "abnomal® temperatures

chemiluminescence or else the iniilel prodnction of large quantitites of OH
as the resuit of introduction 5f the acetylene. It may be possible to

differentiate between these two alternative interpretations by verforming

absolute intensity measurements on flames. It is particularly

disappointing, in this connection, to note the failure of the isointensity




methods, even for isothermal systems, to provide a definitive answer
unless the extent of ~elf-ahsorption is known to be small.

Attempts have been made to demonstrate the absence of self-absorption
in flames by showing that uabsorption of light coming from a continuous
source is weak. S%udies of this sort are not convincing unless the
experimental siit width is small compared to the width of the spectral
lines under study. For the conditions which are usually employed in
experimental studies on flames, the apparent integrated intensity of a
spectral line could be smaller than the true value of the integreted
intonsity by several orcers of magnitude. For this reason it is highly
desirable to test fur the absence of self-absorption by using as light
source & radiator of the same sprctral charactcrisiics as the absorber under
study. Weak absorption for continuous radiaticn and absence of self-absorption
are not necessarily synonymcas.

The preceding :.atements chould nct o~ interpreted tc meen that the
quantitative calcnlations demonstrate that anc.iialous population temperatures
in flames are always the result of invalid interpretation of experimental
data. quite to the contrary, all of the ancmalies may yet trrm out to de
real. However, it does appear to vs that it would be highly desirabl. to
consider cnomalous flame tamveratures as established only after every
possible attempt has been made Lo elininate distortion of experimental date
by self-absorption or bty ‘emperaturs gradients in the light path. From the
point of view of utilizing spectroscopic atudies to obtain informatioa
concerning the mechaniasm of combustion reactions, the low-pressure flames
of Gaydon and Wolfhard and of Gilbert appear to hold the greatest promise
of 7iclding eignificant erperimental data which can be interpreted in an

unanhigmone manner,

toud . Al
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