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PHOTCMETRIC MEASUREMENTS ON THE DEVIATIONS FROM THE EQUILIBRIUM STATE IN BURKT FLAME GASES
Tj. Hollander
Department of Physics, Univeisity of California
Santa Barbara, Califcraia

Abstract

Photometric investigations are reported in lam-
inar, preaixed shielded flames above the rcaction
zone, dburning at atmospheric pressure. In these
CO/N,/0, -, C Hz/N /0, - and Hgig /N, = flames
utﬁ vipor wis in@r ucsd. F g tgnperatures
ranged frcm 2000 to 2500°K, rise-velocities from
5 to 15 A ;sec. The uestion is discussed as to
what extent thermodynamic equilibrium does exist in

certain parts of) the flame. The meaning of

local) flame temperature and its relation to cal-
culated adiabatic temperature and excitation tem-
perature is considered. Complications due to
suprathermal cheailuminescence and radiative nun-
cquilibrium cffects are discussed. Recombination
of excess radicals causes an initial rise in tem-
perature with height and leads to suprathermal
chemiluminescence of metal lines and to continuous
bacrground radiation. Rediative non-equilibrium
causes underpopulation of excited metal states and
can be studied by excitation temperature measure-
ments. From departures from metal-ionization
equiiibrium conclusions are drawn about the ioni-
zation mechanism, effective cross-sections and
relaxation times. Chemi-ionization is also dealt
with. The negligible influence of excess O-radi-
cals in CO flames on the dissociatire equilibrium
makes possib.cv to exclude particular dissociation
rractions. from the measured equilibrium popu-
iition of the visible alkaline-earth bands molecu-
lar excitaticn energies were derived and con-
clusions abou® the kind ¢ emitters were drawn..

I. Introduction

8. Object of our Study

In this paper some deviations from the equilib-
rium state are discussed as they occur in the
burnt gascs of laminar, premixed shielded flames
at atmospheric pressure. We confine ourselves here
to the rcgion above the primary reaction zone.
Since these flames are produccd on Meker-type
burners the primary reaction zone consists of a
large number of cones (in some regular array) a
few mm in height.

The flames studied are CO/C, N,, Hg,O /N, and
Gy, 0y M, Tlanes (sometimes AR if uséd fnstesd of
N2 3 £ dfluent) with temperatures from 2000 .o
2500°K and with rise-velocities of 5 to 15 m, sec.
In the central part of these fiames metal vupor is
introduced by means of a liquid sprayer or by
evaporating dry pure salts. The central flame part
is mostly shielded by a burning mantle flame of tae
same gas composition, sometimes a sheath of flowirg
cold nitrogen is applied. Bcth sheaths prevent
infusion from the environment and promote homo-
gencity over the flarz cross-section.

The subjects discussed here form part of the
program of the Flame Rﬁeagsh Group of the State
University of Utrecht.' "~

b. Equilibrium
Before discussing deviations from the equilib-
rium state we first define general thermod mamic

equilibrium as follows: A volume of gas is caid to
be in thermodynamic equilibrium at the tempergture
T, when this temperature suffices to describel9,19)

(1) the radiation density in the volume {accord-

ing to Planck's radiation formula)

(11) the distribution of energy in the internal
and external degreess of freedom of the gas
(according to the Maxwell-Boltzmann formula)

(111) the degrees of ionization and dissociation
(according to Saha's formula and the law of
chemical equilibria).

Only if these requirements are fulfilled has the
temperature T & unique meaning.

In onder to answer the question of equilibrium
experimentally many investigators have determined
the "temperatures” that correspoad to different
aspects of the flame, e.g., the velocity distrubu-
tion of the particles and the popwlation ratio of
the various energy levels of the particles. The
better these temperatures coincide, the hetter the
state of equilibrium, and the more physical meaning
the "temperature' of the flame possesses. To avoid
confusion the temperatures are named after the
special processes to which they apply, e.g., trans-
lational temperature, excitation temperature, etc.
These temperatures appear to coincide gradually in
the sequence: translaticrel, rotational, electronic,
vibrational, dissociation and ionization temperature
The radiation tempsrature forms an exception (cf.
Sec. IV).

Let us see to what extent generul thermodynamic
equi’1oriun dres exist in our flames. The attain-
ment of cquilibrium within any enclosed system
requires time. Jt cannot be expscted a priori that
i a flame the establishment of equilibrium is
sufficiently rapid to give no c?nségerable devia-
tions in ary part of the flame (2,0). 1In the rirst
reaction zone considerable deviations from equilib-
rium do exist, since here the chemical energy sud-
denly released by oxida*ion of the fuel gases is not
yet equipartitioned among ‘he various degrees of
freedom. But also in ‘:he flame body two kinds of
deviations from general thermodynamic equilibrium
have to be considered.

(i) generally the temperature is locally dif-

ferent throughout the rlame body

(11) at a given locus in the flame the various
forms of energy may not be equilibrated among
one another

Ad (i): Pven in the body of premixed, laminar flames
differences in temperature may be expected. The
combustion react.on causes a sapid rise of the
flame temperature and nearly this whole rise takes
place in the (reiatively thin) reaction zone. The
concentrations of the major stable flame species,
such as CO_, H O, N_, etc., when lecving the reac-
tion zone &re ﬁot mfich different from their equi-
1.brium values. But the radicals leave this zone
with concentrations exceeding markedly’ their equi-
librium values. Above the reaction zone these
radicals recombine slowly to stable molecules and
consequently the flame gas mixture approaches
8radually to a compiete chemical squilibrium state.

# On leave from the Physics lLaboratory, State University, Utrecht, The Netherlanda



Because of the energy rcleascd in the radical re-
combinations the temperature is further enhanced.
On the other hand radiative losscs and hcat losses
to the burner are also present. The two effccts
combined cause the flame temperature to rcuch a
maximum as a functicn of rise-time and to decrease
afterwards. One cannot speak of general thermo-
dynanmic equilibrium, since thea» is a net trans-
port of heat, radiation and mass through the flame.
If the rate cf transport is slow compared to the
rate at which the energy is equipartiticned over
its different degrees of freedom, at a g'ven locus,
ve still may speak of a locsl equilibrium charac-
terized by a local temperature.

It should be noted that the radical concentra-
tions may approach closely thcir cquilibrium
values in the region downstream the maximum of
temperature, but a full couilibrium state i1s never
reached. For the equilibrium values themselves
shift continuously with increasing height becausc
of varying temperaturc, so that there is always a
lag hehind the local equilibrium state duc to re-
laxation effects.

Ad (i1} In the discussion as to what extent the
energy is equilibrated at a given locus in the
flame, one must take into account the fact that
the flame gases have rise-velocities ranging from
5 to 15 m/sec. The energy released in the reac-
tion zone must be redistributed after subsequent
collisions among the flame components. Establish-
ment of thermodynamic equilibrium requires that

the particles have suffered a sufficient number of
collisions with each other and this tares time. 1In
flames et atmogpheri preu'xre a flame molecule
makes about 10° - 10! col; séons per msec with

the surrounding moleculeat2 ) The flame gases
cover a distance of 5-15 ma from the reaction zone
upwards within 1 msec. To what extent will
equilibrium be attained within this time-interval?

The equilibration of the f.ranslational and ro-
tational degrees of edom 1.- practically imme-
diately established(2,6:9,20), “mme equipartition
over the vi ratio 1 degreea of freedom proceeds .
more alowly A serious lag in this equi-
partition is not to be expected in our flames(2),
neither with the higher nor with the lower vibn-
tionsl levels(23), One may ask whether deviations
from molecular diuocht-ion equilibrium would occur
As we will discuss below (cf. Sec. II) the thaore-
tical and calculated flame temperature agree very
well, This justifies the assumption that the ma-
Jority of the flame mo ecgl% are present in equi-
1ibrium concentrations'? ),

Concerning the equilibrium ionizntion in normal-
1y burning, non-sooting, metal-free flames we may
refer to the midly ;nblimtionn degling with aEceis
ionic and ele tro lpezg%ea found in and above the
resction zone These excess charged
specius are probubly formed in the reaction zone of
hydrocarbon containing flames and they mco-bine
beyond this zone, InpurcCOund ghns
electrons or ions could be detected(6,25), pe-
viations from the metal ionization equilibrium will
be discussed in Sec. V.

Since a flame is not a black-body (It lacks walls
at equal temperat wre with the flame gases), ra-
diative equilibrium cannot exist. The radiation
emitted by the flame gases is not compensated for
by wheorplicn of en sjuil ssomid of Madistion from
the surroundings. This outward radiation leak
leads to a (sometimes measurable) effect of de-
population of the higher energy levels of the par-
ticles with respect to their lower levels. O{nly
for strong resonance lines (.. the center of thcve

lines) may we expect uhat radiation equilibrium
exists, at least in the interior part of the flame
The underpopulation of the excited levels thus de-
pends on the metal concentration in the flame. The
flame temperature derived from line-reversal meas-
urements ( = excitation terperature) wlll conse-
uently be lowey than the translation temperature’
?ct. Sec. II). Noticeable effects will only occur
at low me al copcentrations when the diiuent gas is
monatomic'2:9:10) (cf, Sec. IV).

From the survey given, it follows that in the
flame no general thermodynamic equilibrium exists.
We will thereiore use the term "thzrmal equilib-
rium" for the state of the gases in which the dis-
tribution of the velocity of the particles and the
population of their energy level:s can be described
by a single valv~ ~* T. In the major pari [ .ur
flames such a thermal equilibrium state is attained
fairly closely (See below).

II. The Flame "Temperature”

Although there is no reason a priori to prefer
one temperature to another, the i.ruuhtioml
temperature, d*duced from Maxwell's formula for the
velocity distridbution of the particles, i often
considered the most true temperature from which the
others may deviate, “The reasons are that tie ki-
netic energy is very soon equipartitioned (See
above) aad ih’t there is only one translational
temperature(9)(as opposed to the varicus excitation
temperatures). In the following what we mean with
"temperature” of the flame is the translational
temperature.

From the enthalpy of the initial gases and the
reaction products, and from the specific heat cf
the latter tcgether with the equilibrium constants
of the discociation equilibria, the adiabatic tem
perature of the burnt gases can be calculated(9- )
The necessary constants are provided by chemical
tables. The calculated flame temperature should
equal the measured temperature of the flanse, pro-
vided that equilibrium prevails in (that part of)
the flame and that one correct. for epergy loueu(9)

Many methods are available for measuring the
flame temperature. Yet the method of "line-rever-
sal” which determines essential excitation
teaperature has to be preferred(9,19)., The choice
of thi: measuring methad is based upon avoiding of
two sow:ces of systematic error\9),

(1) The flame "temperature” should approach as
close as possible the translational tempera-
ture, which is certainly well established. So
one prefers the measurement of a 'temperature”
Lt la fest Lln sgquilibrating witl Lhe Lreis-
lational temperature.

{11) The method of measurement itself may introduce
errors, due to self-absorption, insufficient
resolving power of the dispersing system, non-
linearity of the detection device or errors of
calibraiion,

As is discussed in detail by Snelieman(9,19),
the method of line-reversal seems to meet the de-
aands and this method is chosen for the measurement
of flame temperature.

8ince the application of this method essentially
requires thet the population of higher and lower
level of the sbomlo Line lnvolved agrve wilh the
Maxwell-Boltzmann formula, complications may occur
due to two processes:

(1) Chemical non-equilibriuwm, i.e. supra~-thermal
chemiluminescence, which effect causes an
overpopulation of the upper level of the line,
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may in sonc cases lecd tt 2 too high measured
excitation temperaturc (cf. Sec, 111).

(11) The radiative non-equilibrium (See the above)
may resul®, intc an underpopulation of the ex-
cited metel states. When the yield-factor for
resonance fluorescence (defined as thc frac-
tional possibility that an excited atcan looses
its energy by photon-emission) is relatively
high, large differences bctween translationesl
and excitation temperature may be found
(cf. Sec. IV). Then the excitation tempera-
ture is found too low compared with the trans-
lational temperature.

Some other possible errors occurring in using
the line-reversal method are: excitation lag (can
be neglected in our flames) and self-reversal (can
be avoided by using shieldrd fiames)

Snelleman in our laboratory, using a photo-elec-
tric line-rcversal method, obtained with his appa-
ratus an accuracy of + 1K and a :egroducibility of
the temperature in his flame of + 2°K. He reported
the following results for thc reversal cemper?tyre
of various spectral lines (in the same flame)\9),

TABIE 1. HEVERSAL TEMPERATURES
OF VARIOUS SPECTRAL LINES

Element Wavclength(X) Radiation Tégp,
of Strip Lamp{ K)

Lithium 6708 2432 + 2

Sodium 5890 435 ¢+ 1

Potassium 7665 2436 £ 1

Rubidium 7948 2436 ¢+ 1

The aumber of 1 .ncs use and thc temperature
measured are a strong indication that ghermal equi-
librium prevails in the flame witnin 27, at least
up to excitation energies of about 2 eV, (The cor-
rcctions for the effect of radiation .eak may be
nelccted under the experimcntal condit.ons used
here).

The flame temperature can also bc calculatcd
undcr assumption of an equilibrium State, when one
knows thc heats of formation at 298°K of the igi-
tial components, the heats of fgnnation at 298°K
and the specific heats from 296 K to the flame tcm-
peraturc of the final components, and the constants
of thc dissociative equilibria occurring in the
burnt mixture. Since these caiculgtions are lab-
orious a digital computer was tsed 19,27), 1t
should be rcmarkcd that with the same programs thc
equilibrium compos tion of thc burnt gases at each
locus in the flame can bc calculated from the
supply of unburnt gases and thc (measured) local
flame tempcrature.

In the next figure a comparison is shown of
measured (reversal) and calculated (adiabatic) tem-
perature in an acetylene - air flame.

One sees that the agreement between calculated
and measured tcmperature is very good, a nice con-
firmation for the correctness of calculation and
measuring methods and for the existence of thermsl
equilibrium in our flames.
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FIGURE 1. A composite graph of the various steps in

the comparison of measured and calculated tempera-
tures. Corrections: a: radiation loss between
burner top and height of meesurement. b: incomplete
equilibration of the gases. c: difference between
gas and measured excitation temperature. d: effect
¢f room temperature on flame temperature. e: net
heat loss to the burner (conduction and radiation,
minus heat restored to the flame). f: cooling ef-
fect of water sprayed into the flame. The remaining
discrepancy (g) may be ascribed to the difference
between the temperature scales; i.e., Thermodynamic
Temperature Scale and International Practical Tem-
perature Scale (Courtesy of Dr. W. Snelleman).

II11. Chemical Non-Equilibrium Due To
Slow Recombination of Excess Radicals

As stated above in the reaction zone H, OH and O-
radica%s ar tosmed in excess over thcir equilibrium
values(15,28,29 So the burnt gas mixture above
the cones is not in chemical equilibrium, but it
will approach gredually to equilibrium with increas-
ing rise-time. Although chewical equili»rium does
not exist, there occur fast binary rea~*ions as a
result of which the radical concentrations are re-
lated to the concentrations of some of the molecular
species in the same way as under equilibrium condi-
tions(29). These fast reactions will be refcrred to
as partial equilibria”. They cause no decrease of
the total radical concentration‘?9), 3o equilibrium
can only be established by radical recombination
resctions, which (mostly) include slow ternary
reaction steps.

Bulewicz, Ja.es and Sugden have given a theoret-
ical treatment of the way in which radical reco?pé?-
ation occur, especially in oxygen-lean /02/N S
Zeegers in our laboratcry has made a moré genegal
approach and has extended this treatment to 70 - and
o He - flames with different gas composicion(12,15).
Hg ook also into account: decay of O-radicals
t rough the reactions CO + 0 = CO, and O + O = 0,
vt riation of the concentrations of H,, O, and CO“by
radical recombination and the production®of radicals
by thermal dissociation of H., H20, CO, and O, and
the effect ~f varying temperﬁture upon the rate of
the dissoc..cion reactic 1s and upon the bulk flame
gas composition.

The following recombination reacti-ns sre
considered:




o -l
HeHeMSD 1, o M (1)
1
B0 k_2 *
H+OH+M‘E? Hy0 + M (=
k
CO + 0 +M?:,3 Co2 *M’ (111)
3
k
0 +0+Mié‘*..02 .- (1v)
Y

(M is third body necessary to carry off the reac-
tion energy released).

The following partial equilibria are_gst.a'olished
in our flames for 99% within 10°2 to 10 sec, soO
that one may conclude that these relations are
valid in any place in the flame, although the ratio
of actual concentration over equilibrium concentra-
tion of a flame constituent may vary with height.

H, + OH ZZH + H,0 v)
H, + 0%=H + OH (V1)
0, + H&=0 + OH (viI)
CO + OH=sH, + CO (viII)

(with equilibrium constants Kg « o oo 'Kﬂ)'

It is possible to measure directly [H)"and [0H)
as a function of rige-time by making use of photo-
metric measuremente{12,15), "For [gﬁ this is not
easily possible.

a. Derivation of (0] from the Initial Temperature
Increase

In (dry) CO-flames two recombination reactions
may be responsible for the Initlial rise of flame
temperature, namely reactions (III) and (IV). As
is proved in detail by Zeegers in ou.s flames reac-
tion (III) is the predominant one(15).

If the temperature rise is not effected by heat
losses, the temperature T, as a function of rise-
time, t, will reach asymptoticnlly and monotonously
a final value, T_, while [C], approaches with in-
creasing t its eduilibrium v§1ue [0) . oOne has
the following equation{30,15 €q

He (T - T,) = a({o], - [0],) (1)

Here N is the total number flame molecules per c:n3,
¢ is the average specific heat at constant. pres-

of burnt gases in cal mol-l ®k-1, o is the
heat released by recombinavion of one grar atom O
with one gram molecule CO in cal mol-l apd concen-
trations are expressed in em=3.

Two subjects have to be discussed before deriv-
ing the O-concentrations from the measured temper-
ature.

(i) The measured local Na- line-reversal tempera-
ture may locally deviate from the true translation-
al temperature because of suprathermal chemilumin-
escence. The excitation of metal atoms in flames
occurs mainly by conversion of vibrational energy
into electronic excitation energy in collision with
molecules such as N_, CO and CO,. Excitation part-
ly occurs by chemiluminescence (See below). When
chemical equilibri-m is fully established in the
flame, chemiluminescent reactions do not disturb
the thermal population of an excited state (“ther-
mal’ chemiluminescencz). However, when the radi-
cals are present in excess concen‘rations, over-
population of an excited state is feacible (“supra-
thermal chemiluminescence). The relative degree
of overpopulation depends also on the flame temper-

ature. i.e. on the thermal excitation rate by col-
lision of the 15% kind. Even in flames with %he
lowest temperature (i.e. vith the relatively highest
contribution of suprathermal chemiluminescence)
suprathermal chemiluminescence of the 3P state of Na
and the 2P state of Li could be ruled out. This
appears not to hold, however, with excited states in
the crder of LeV above the ground-stpte, as will be
shown for the blue K-doublet at 4OLOA {See below).
The absorption and the emission o the Na and Li
resonance lines were measured as a function of rise-
time, The curves of the ground-state concentrations
measured coincide exactly with the curves computed
from cmission curves and line-reversal temperature.
50 both populations are in thermal equilibrium and
suprathermal excitation is negligible with both
doublets.
(ii) Wec assume that the initie) increase in flame
temperature is only due to the recasbination cof
CO + 0. This assumption has been checked quantita-
tively in H, - and C - flames, vhere the radical
concentratidns involved can b dstemined independ-
ently of the temperature rise 15). The results
confim our assumption very satisfactorily.

From Eq.(I1) we derive
-atoly M
—gt— " k3 (Mllcollo], - k 5 (M](co,) (2)
Taking into accour’ .hat: k3M [M][CO]e [Oe ).
k_'; [M][cozle Af T =T, trat (c0) is practically
constant, so that [CO]t = [CO]eq through the vhole

flame and that the same holds for [C02] we find from
Eq. (2)
-a[o]
t M )
3 =Xy (Mllco) . {[o]t = [o]eq} (3)

Considering that L (M) is practically independent
of T and after putting [0] = [O]i st t = 0, we get

(o), - (0)q = {L0), - (0] } exp |-, *M0lc0) gu)

By substituting this expresaion in Eq. (1), T, -T,
is found as a function of t, according to

Re " -
RET oI %) = exp{x, el ¢} ()

The values of T - T, , i.e. thc temperatures
corrected for radiﬁtion Josses may be found from
the experimental T - versus-t curve by extra-
polation{9:6,19), "his procedure is prcsented in
figure 2 for a CO-flame.

From the straight line obtained in Pign 2b it
appears that the assumption concerning k., (M][C0]
is justified. Thc intercept with the ordinatc ax i3
of the curves ylelds the initial O-concentration,
[O]i’ in absolute measure, according to

NC - .
[0]1-[0]eq ="p (‘e'Ti)’ vhere T, i: temperature at

t = 0. From the known valuss of [0], and of (T 'Tt)
one calculates now readily [0], for ‘rw valve of t°
E‘raia the slope of the curves akd [e]known values of
co he follgwing values of k, (M

deri%&‘lhg): klﬂEM] - §2. 4 0.3; ® loﬁgecm3sec-)
and (2.2 % 0.3; x 16-cm3sec=l for the CO-flames,
respectively.

It should be remarked that ‘he actual concentra-
tions of O-radicals and of the other flame constit-
ucnts can be calculated, when the sctual values of
{H) and [OH) are xnown, using the four equilibrium
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relations and the mass balancel(IS).
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FIG, 2a Measured temperature T is plotted az a
function of rise-time for a CO-Plame. T, is tem-
perature corrected for radiation losses ﬁy means of
lincar extrapolation. T 1is final temperature at
full chemica} equilibri\ﬁ, corrected for radistion
losses. (Courtesy of Dr. P. Zeegers).
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FIG. 2b Difference between final equilibrium tem-
perature, T , and measured local temperature, T,,
corrected fdr radiation losses as a fuaction of”
rise-time for two CO-flames,

b. Suprathermal Chemiluminescence of OH and blue
K-doublet. .

In the flames discussed the excitation, deactiva-
tion and radiation of an atom or mo.ecule may be
described by the chemiluminescent reactions I-IV
and the following two reacticns:

X
X+ M.ﬁb X+ M (1)
.5
snd hv + Mapba " (x)
k6

where M stands for the electronic ground-state par-
ticle to be excited and M* for K in the S 2P state
or for OH in the excited state <I{v’' = 0) emitting
radiation in transitions to the griund state

Zi(v' = 0,1,2, etc.) through process (X), and X is
a flame molecule.

e e - s

If self-absorption is negligible the total emis-
sion, J, expressed in quenta cm”Jsec=l is given
pyt13,1%)

3 = ple) { ECullon) + xy(x1} (6)

n) Kk, [ro,]

ARCTERENS B * 53 KKy TLo]
K 0, .
+ Kk K ['R;G]} (7
and p {the yield fsctor of resonen  fluorescence)=

A, k-64’ Z. Here A is the transiticn probability

and < is the number of offective quenching col-
lisions per sec, which equals:

ky () ¢k, [HO) & - oo - - + kg [X]

(cf. reactions I-IV, and IX).

The intencity of the thermal emission J is given
by Eq. (6) in which [H] and [OR] are substituted by
the corresponding equiiibrium concentrations
(Eq. (68)) Jyp follows also from the Boltzmann
equilibrium distribution and the Einstein Trans-
ition probavility according to

Jep = {g AlM] exp (-Eexc/u')}/Q (8)

where Q, g and Eexc are psrtition function, statis-
tical weight-factor of upper level, and excitation
energy respectively. (M) is supposed to equal the
total concentration of species M.

One finds for the suprathermal chemiluminescent
emission

Jop=J = Iy =Ml E {[H][OH] - [H]eq[ouleq} (9)
The quantities occurring in Eq. {9) can be found

from experiments and celculation, except for the
fictor PE. 1Ine relation between J  a

Here

nd

(41(oH) - (H) Llid] can be chllcked experimen-
tdlly and the aBdo1utéivaliue of PE can then be found
One plots the experimental values J in relative
measure logarithmically versus the rlEe-time. The
thermal emission is known in abgzolute value from
Eq.( 8 ) and is also plottec in the same graph. The
J_ . ,-curve is now shifted slong the intensity axis
iR¥8 such a positior that the ratio (J -J.. )./
(J, 0 - Jyp)p 8t two extreme neights b°*Bng nih' !
cor’x‘esponﬁgng to rise-times t, and t ,lrespecgively,
fitted in with the ratio predicted b§ Eq. (9) from
the known radical concentrations at these two
heights. Then J _ 1s known in absolute measure as a
function or rise-tire,

In {igure 3 some results for the (0-0) band of
OH are given.
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FIG. 3. The OH-er’-<ion at 30648 is plotted in ab-
solute measure - 8 rise-time for H2 - and Czk -
flames. The das. curves present thé corresponding
thermal OH-emission as calculsted from temperature
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and {kncwn) OH-content. The two distinct points
\®) indicate the heights h, end h_, in which both
curves are adapted. (Courfesy of“Dr. P. Zeegers).

In figure 4 .1 /[OH] is plotted versus
{[H][OH] - (1) qfe}{]eq g for both fla‘es.
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FIG 4. Supratbermal chemiluminescent emission of
OH at 306LA per OH-radical, as a function of the
product of excess radical concentrations. (Courtesy
of Dr. P. Zeegers).

The experimental points appear to fit very nice-
ly a straight line through the clcsed circles (See
above), which confirms the chemiluminescent mech-
anism proposed. From the intercept of the curves
one finds pE-values for each flame. Since the rel-
evant p-values are known from Hooymayers'(l
measurc.uents (See Sec. IV), E-values could be found
for three H,/0,/N_ and one O_/Ar flame.

From th};g 2<ve ue Zeegerl:?{ & 5) derive & mean
value for equal to (7 £ 1) x 10-33 cmPsec=! at
temperatures in the runge 1911-2C18°K. Kaskan hta
reported a value of 3 x 10-32 cmbsec~l st 1900°K )
This value can be recalculated (by using more
regent values for A and p) to (10 # 3) x 10733
cmPsec-1,

The results in C. H, -flames carn.ot so easily be
interpreted and do no% lcad to definite values of
specified rate constants 15),

In the same way the chemiluminescence cf the
LOLL/LUTA doublet of K was measured in H,-flames.
£ complication arises here with respect to the in-
crease of flame backg as a result of the reac-
tion K + OH = KOH + hv . Results ere shown in
figure 5.
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FIG. 5. The suprathermal chemiluminescent emis-
sion of the blue K.doublet is shown in two H -
flames. Ciosed circles present points used fn the
adaptation of (relative) experimenta: and (absol-

ute) thermal emiszion curves. (Couwitesy of
Dr. P. Zeegers).

Also in these measurements the proposed reaction
mechanism is clearly confirmed. From these measure-
ments an average value of k K ﬁuﬁl te (3.5403)x
:0-30 emPsec=1 can be deriv&d.(15). In the C. H,-
f.ames similar difficulties es with OH (See aﬁave)
show up.

From the results given we may also conclude, that
rcaction (II) is the predominant reaction in the
chemiluminescent excitation of OH and K in -flames.
In the C_H,-flame reaction (II) is also the fost
hnportang, but here reaction (III) contributes to
the chemiluminescence too. The reacti?ns (1) end
(IV) can be neglected in this ree('gest.. 15)

Recently Carabetta and Kaskan 2) have measured
the chemiluminescence of Na in H,, CO/H, 6 and CO -
flames. Their measurements refer to the reaction
zone 2f low-pressure flames at T~ 1500°K. [hey
foynd that %he reaction 0 + 0 + Na (k ~ 1 x 1029
cm®m0l"“sec-1) wss predominage, followed by
H+H+Na(k~ & x 10-31crOmoi-lsec-1).

¢, Cuntribution of Suprathermal Chemiluminscence to
the Flame Background

The study of flame background may yield informa-
tion on radical recombination. Only the continuous
background will be considered here. When radicals
recombine the stabilization of the association com-
»lex may also take place by radiation. This radia-
tion is a true continuum, but it occurs at weve-
lengths long:r than a certain cut-off wavelength
that is connzctgd with the available chemical reac-
ticn energy.(15

Several recombination reactions that may give
rise to continuum radiation have beexe {eggsted.
Zeegers did some crucial experiments 14,15) whicn
led to the conclusion that continuum emission is
completely absent in i‘%-f mes. This is consistent
with Dt‘ﬁ and Stubblerfe1d!33), vut not with
Padley 34), From these measurements one may con-
clude that the background emission in CO-~ and C2H2-
flames is only due to the reactjon CO + O + (M)"=
CO, + (M) + hv. (We do not wan to go into details
wieh the implication 1?volvev§ in this reactior. It
is discussed elsewherell5,35),

The background emission in CO- and C H?-rlames
was photometrically mrasured, especiallg ts depend-
ence oi. temperature, on CC and O-concentration and
on wavelength was investigated. Absolute intensity
calibration was made by comparing the flame back-
ground with the emission of a calibrated tungsten
strip laamp.

The explicit dependence ol the background emisz-
sion on CO- and O-concentrationsg was found by using
a procedure similar to that used in Section IIIv.

In figure 6 some results are shown
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CO-and O-concertretions for two Ceiia-rlames
{Courtesy of Dr. F. leegers).

The same result has been fow.l 1t several other
wa. ‘engths in the range from 23CJU to 6C00°R. This
confirms the reaction mechanism proposed. The rad-
iation originates from excited CO.* states that are
populated from ground state CO. mdlecules by ther-
mal collisions with flame molecCules, as well as by
recombination of CO and 0. Close to the rcaction
zone the latter process may dominate, because CO
and O are present in excess over their equilibrium
concentrations. As larger heights the background
emission approaches fairly well its equilivrium
value vhich ?ezenda on T according to
exp(-nv/kr] (14,15),

IV, Radiative Non-Equilitcium in Flanes

Infratherm ! population of excited levels occurs
because of a deficiency of radiative excitation.
This deficiency exists whep the radiation density
in the flame is lower than that of a black-body at
{lame temperature.

Deactivation of an excited state occurs by
quenching collisiocns and by emission of rediation,
excitation occurs virtually by collisions ot the
first kind only, at least with low metal concentra-
tions where the radiation density of the metal line
is low when compared to Pianck radiatiin. The
juestion which form of encrgy the electronic excit-
ation energy is converted 1nt% og susplied faoa, is
discussed in detail elsewherel2:6,20), the con-
versicn of vibrational energy seems to be favored,
since hLere are no restrictions resulting from ccn-
servation of linear and angular momentum (cf.Sec V)

The degree of underpopulation of an excited
level can be eaiiéy sfpressed by introducing the
yield-factor p V1017) w2 have p = A/k _ + A,
where k . describes the probability per sec. tnat
the excifed atom loses its energy in e quenching
coitision with a fleme particle. (Ses above).

At Jow radiation density (= low metsl concen-
tration) we find the relation hetween the actual
(=l ) and the theoretical (=N1 ) number of atoms in
an éxcited level as (17

Nl/NLO = 1-p (:0)

Becaus2? of the effect of radiative non-equilibrium
on the occupation of the excited state the line-
reversal temperatwre, T, will differ by an amount
4T, from the true temperature, Tt.' At low metal
dcx‘isities it holds that

2

kr KT
- in(ep) YR - =t 1n(iep) ]~ =t 1a1epT?
ATL"hvG in(1-p) }Iﬁ"kwo 1n(1-p) - 1n(1 pf

(11)
since for all relevant p-values in our flames

KT
t -1
K\% 1n(1-p) << 1.

It zan further be shown that in the case of com-
bined Lorentz and Douppler broadenirg, that occurs
with the alkali lines in the flame, the deviation
AT iu line-reversal temperaturc approaches zero as
N."F at very high densjty (N. = concentration of
ggound state atoms) 173. This asymptotic behavior
enables us to find the true flame temperature by
extrapolation from the reversal temperature meas-
ured at high concentrations.

When measuring reversal temperatures when the
atomic density varies from small to large vaiucs,
we are able to derive or to check the yield-factor
p (See Eq. 11).

¥hen the metal a. .ns undergo quenching collisions
in a mixture of flame molecules of different spec%es
the quenching frequency 1-py is given by 17
k_s (= A P )

BkT (1 1,14
ks = Iy Qo) {5 G+ (2
J at J
Here n, is the number of particles (in cm'3) of the
th r1dne gas component with molecular mass M_,
&qqu)j is here temperature dependent). J

The value of p can be measured in actual flames
by means of resonance fluorescence, i.e. the flame
containing e.g. Na-vapor is irradiated by & Na-
discharge lamp. One may determine p by measuring
the ratio of the total flux of the fluorescent
radiation to the primary radiation flux that is
absorbed in the flame. (For experimental procedure:
cf. lic. (17,18).

When determining p in flames with different
qualitative and quantitative gas composition, it is
possible to derive the speciiic quenching cross-
sections ol metal lines for the different flame gas
molecules and stoms. Also the temperat epend-
ence of these cross-sections can be fourﬁil%ﬁe?ﬂ

Hooymayers at our laboratory determined in this
way the cross-sections of the Na D-doublet, the red
and blue _resonance doublets of K and the OH-band
(at 30? )‘Rr the different flamc gas compo-

nents{19s17) From his results it appeared that
atoms are not effective in quenching (Q_ - 1-LAT),
The most effectuive quenchers ar. the di Yand tri-
stomic moiecules. Some Specirtg ? u valyes for the
Na D-doublet at T = ;ggo X areli7)d

Qqu(na - Nz) a{?ﬂ + ;2 sgqu(Na - C°2) =(9h + _ﬁz;
Q(Ne - Hy) =5 ¢ o.?ﬁ  Qy(e - 05) =2 + R,
CqulMa - 0) = (0 + Qquile - Ar) =(2.3 + 0. )82
and Qqu(Na H,0) =(1.0 # o.oﬁz. The low value for

O ghouid be noted. Some specific crgss-seﬁtions
(8 T = 1800°K) for the OH-bard are(17),

for 0. :(10 % 2)22, for H,0 :(37 ¢ 6)R? and

for N, :( 7 ¢ 1)22. Here H.,O is much more effective
in quéiching than with the &lkali atoms (See for
further details 1it. (17)).

From Hooyrayers' work it appears that the Q@ -
values for the diatomic molecules Hﬁ' N, and 03%how
a pronounced dependernce on the resofiance defec%

AE (= difference between the alkall excitation
energy and the nearest vibrational level). Large
Q.. -values are associated with small energy de-
!‘ggts(”), Furthe more the iemperature dependence
o!‘Q“l is given by Qua' T4,

e experimental ge',ults with Na agree reason-
ably well with data rotained i r_pulbg, shock
tubes and excitation by sptgkg?ﬁﬁgﬂg'ﬁ?. Theo
values reported by Jenkins(39/ in a flame at 1800°k
are systematically lower by a factor 2. No explan-
«tion for this discrepancy can as yet je given, 1t
should be remarked here, however, tha. Hooymayers'
p-values derived independently frum line-reversal
temperatures are nicely consistent with the data
obtained from fluorescence measurements. Finally,
we may note that the cr?§553ection values reported
by Carabetta and Kaskan seem to agree with
Hcoymayers®' results wi.h 1 20%.

From the measured cros3-sections one readily con-
cludes that indeed the activation and deactivation
of ¢xcited levels occur predominan*tly in inelastic
collisions with molecules in which vibrational
cnergy is converted into or supplied from the

s




I _.__W‘_&me

electronic excitation energy.

When the sp:cific cross-sections and their tem-
perature deperdence are known, one is able to cal-
culate the p-‘actor for a flame of which the tem-
perature and th' compositicn of burnt gases are
determined. Therefrom one may readily derive the
value of Al,, Conversely from the measured value
of A‘r one :kay compute tie p-value (See below).

In *he next figure the measured Na-line-reversal
temperature is plotted as a function of the Na-
content in the flame.
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FIG., 7. Excitation temperature T , measured by Na
line-reversal, is plotted versus fla solution cone
centration in a H,/0,/Ar flame, Thk: symbol A‘rL
represents the deviation of ‘1‘ from the true
(translational) temperature TS in the limiting case
of low metal concentrations, Xs found from vhe high
density alues of T .

(Courtesy of Dr. H.CHooymayers).

The extrxapolated translational temperatvre T
can be fo by making use of the relation
AT = at three different high metai concen-
tratioug cl’ 02 and 03, accordi.ng to

1 l
Telcp) - T(0) {eyfc) (13)
T =TI " '—{76 §
T,(C,) - L,(C, 27

From Fig. 7 we find AT, = 84 ¢+ ,°K., ™he p-value
of this flame is known: p = 0,32, From this value
ve may calculate (cf. Eq.1l): AT, = 80 ¢ 3K, in
veiy good agreement with the Abo&e experimental
result.

Conversely the p-factor can be found from the
rise in excitation temperature with increasing
metal \.o?centution, provide . that p is not too
ama11(17

When plotting AT double logarithmically as &
function of the metal solutio: concentration we msy
check the behavior of AT at high concentration
(See Fig. 8).

From the figure we conclude that v th high solu-
tion concentration AT varies as (N as pre-
dicted by theory for a Lorentzian Qine shape.

V. Departures From Sahs Ionization Cquiliorium of
Meta) Vapor in the Flame

The measurements discussed here have been per-
formed with alkali metals in CO/0,/N, and CO/0,/Ar
flames. 1In these flames the follovifig assumptSons
were experimeatally confirmed: %
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F1G. 8. Double logeri-bmic tlot of AT versus Na-
solution concentration
(Courtesy of Dr. H. Hooymayers).

(i) No electrons or ions are present in the mets 1-
free flame,

(i1) %ae Na line-reversal temperature describes
-adequately the partition of energy over all de-
grees of freedom relevant in the ionization and
recombination processes.

(111) The temperature at each height is constant
over the cross-section Jf the central flame part

(iv) The total alkali content is constent as a func-
tion of height in the central part of the flane.

(-) Ho alkeli molecules are formed in the flame.

Let us consider a monovaient metal M at tempera-
ture T. The over-all reactions leading to ioniza-
tion and recombination of M, respectively, may bhe
repre-ented by:

M#’M’#e (xx)

Fere m and s represent the rate constants of the
sonization and racombination mm:tiom, respectively.
Equilibrius is established, if mM = ™’ re, i.e., if
the Saha Equation is vtlid, with m/s = I(T).

The colored central part in these flames may bde
approximated as a homogeneous one-dimensional flow
system under steady-state conditions. When ambi-
polar diffusion is negiected (which neglect is ex-
perimentally justified(5,6)), the following equation
connects the concentra%ions of metal atoms, ions and
electrcns .

g v & (1)

where q = reccuion rate of ion formation (in cm-33
sec”1); s = rate ionstant of recombination (in om
sec-1l); M * = conceni,ration of iong (in em 3) and
X = vertical distance from the resction zome(in cm).
From this EqQ. we may derive an equation for the
atomic content, M, by converting the flame height
scale (x), into a time scale (t) according to
x-vtnndby aubltitutingM-H+‘l vhere M =
M+ M and qQ = oM

- s - W) (15)

This Eq. will be used to describe the behavior of M
versus t, while allowance is mude for the variation
of m and 5 with T and with t,

If all degrees of freedom in the flame, that are
relevant in the ionization and recombination proc-
ess, are equilidrated at the local temperature T,
then m and s are related by

s




My, (T) = 1N (1) 1(1)

where I(T) is the iuvaization corstart, and m
represent the rate constants under the e&nilib-
rﬂm ronditions mentioned.

If these equilibration co.:ditions were localiy
fulfilled throughout the flame and if m and s wer=
infinitely large, then the fraction of ionized

. mctal would correspond to Saha-equilibrium at any
.ocus o vne flume at the nrevailing temperature.
Fruan Eqs. (15) and (16) we find

s 2
‘%’é * %%n {“ ’(M_I'&'r'.)"L}

When determining photometricully the variation
in atomic metal content witn height (X rise-time)
for a certain total metal content M in the flame,
we are able to compare this behavior with the vari-
at ion predicted by the Saha law (at varying temper-
ature). Both curves are plotted in tnz next figure

for three alkali metals.
(-]
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FIG. 9. The measured atamic me‘tel content as a
functicn of height above the blue cones in a CO-
flame (T ~ 2500°K). The dotted curves represent
the corrﬁondim Seha curves.

In the construction of these "theoretic Saha-
curves” we used the fact that they should virtually
intersect the corresponding experinental curves at
the point where the latter attain their mirimum
valie, i.e., where dM =0 (and thus dM = 0). This

dt
holds because tor van! sh ng vilue of the left-hand
side o Eq. (17) :his eq'.'-.tzon becomes identical to
the Saha-equation. Furthermore, in this construc-
tion, one needs either the absolute value of M or
the ratic M/M (in any point of the experimental
curve) for the _metal solution sprayed. The abso-
lute value of M _is found from _self-absorption
measurements 5-8), that of M/M is based on ioni-
zation suppression measurements in the ainimum
point of the e.perimental ..-vel5,

From Fig. G one sees a4t there is a time lag in
the estabvlisament of Sckh. rquiiibrium, as, roughly
speaking, the experimentzl curves are displaced
vith respect to the theoretical Saha curves over a
time-interval of the order of | usec. One may
conclude that the rat: ‘onstants are indeed not
infinitely lerge compared tc¢ the time scale con-
sidered ang/or that the flame gases are not fully
equilioreted as tar as the rvactions leading to
lonization or recombination are concerned.

Let us suppose that well above the point of max-
imum terperature the flame gases are in tnermal
equilibrium. Then the behavior of the atomic con-
ternt M is given by Eq. (17). This equation may be
easily transformed into:

s MI(’ﬂ)" ;

gt T ™n 1

From the experimental M-curve, “x-m the known abso-
lute value of M and the meastred * emp;rag\j.re profne
one calculates m . from this equation\ 07,

results obteined ‘downstream the temperature mnximum
fo1r several CO/0,/N, tlames, covering a temperature
range from 2200 Yo ﬁSOO K, are plotted in the next
figure for Na, X and Cs as a function of the re-
varsal temperature at the pnint where m,, was
determined.

‘°_. 2

(16)

Eﬁ
|
J' .A“'.'.
\“
V.\‘ .
103 N, .
\ (Cs)
"\ o
s
\\\*Qi¥'\““
..\
2t ) I'“\
~
10° \\
s \
—
10 e AV N /ﬁ
40 42 4.4 46 (kr
FiIG. 10. The values of m as a function of T =\

are presented. The solid ?semilogarithmic) straight
lines represent the funccions C exp (-E,/kT) with
Ei = ionization energy of Na K and Cs }espectively.

The m_. values plotted are not corrected for the
nont ibutfon of thermal chemi-ionization, but this
cuntribution is at most 4-8% in these flames and
may thus be disregarded. Corrections were made for
the variations of collision fregquency and number of
flame gas molecu'c: with temperature (See below).
The m,, -plot appears to be a straight line, the
slope of which fairly -:ell corresponds to the ioni-
zation energy, Ei’ of the metal considered divided
by the Boltzmann constant, K.

For the interpretation of the dependence of m
on T it is useful to express the mechanism of
ionization in terms of collision processes. In
close agreement with mechanisms found for metal
excitation and quenching processes (See above) we
assume that ionization mainly results from & trans-
fer of internal (vibrational and/or rotational)
energy of the colliding flame molecules to the atom
to be 1unic We then may formally write

JT
Mep &V 5N Qo e (Ey/ )

where u = reduced mass, = jonization cross-

section and N is total nuéger of flame gas molecules
Since a flame contains molecules of various kinds

u and Qion refer to some sort of average value. In

th

(19)




our flames N,, CO, and CO are the most important
constituigss. Assuming in first approximat!on that
the Q -« values vary with the gus-kinetic diam-
eter ?nthe molecules and knowing the quantitatiwve
composition of the burnt gases, we may calcuiate the
variation of the average value Q. /J u in the
different flames. This vuiatioﬁogppeared to be at
most 1, 2 and 4% for Na, K and Cs, respectively, so
we may neglect this variation in the fiames consid-
ered. -1

N varies 88 T = for flames af atmospheric pres-
sure, so it follows that m /'T‘( KI/.?SOO as plotted
in fig. 10, should vary wi%g temperature according
to exp(-E,/KT). Since the actual temperaturc de-
pendence *ound is feirly well described by th:.s
function, we may afterwards conclude that Qi /u is
virtually independent of temperature in the ﬂnge
investigated, and that the (internal) energy dis-
tribution of the relevant molecules is in tinermal
equilibrium.

Recent measurements of Jer_en and Padley(39), on
the ionization of alkali metals in H,/0,/N, flames
suppo: - very nicely the behavior of o, as a func-
tion of T © found in our measuremeats. They con-
cluded from their results that all bulk flame gas
molecules are approximately equally efficient in
causing alkali metals to ionize in full agreement
with ~ur obearvaticrnz. Furtheruore, they point out
that the first preliminary observation on the sctiv-
ation energy for ionization of sodium ir H -
flames “0), which suggested an activaticn énex',,y of
about QE , 18 most probably in error. So this con-
tradictofy observation seems to be settled.

Recent measurements by Kalff and Thcneer(l‘l) on
“he ionization of strontium in (dry and moist) CO-
rlamss with temperatures in the range from 2400 to
2600°% proved that the activation energy involved
equals the ionization energy within % 5%.

From £ig. 10 une .ay conclude that the relaxation
effect for a given wetal increases with decreasing
ionization rate, i.e. at decreasir; temperature.
The larger the ionization energy of the metel the
more pronounced the relaxation effect is.

The dependenc2 of the over-all ~ross section for
ionization Qi , on the quslitative flame gas com-
position was ¥lrther investigated by replacing N,
by Ar in the flame. Argon having no internali de-
grees of Zreedom is expected to have low ionization
efficiency (as it has in excitaticn and deactivation
of wetal levels. (See above).

{hre result showed that the ~-values {08 K and
Cs in a temperature range from 0 to 2330'K,
varied with temperature according to exp(-E,/KT).
In particular we found that the m, ~values éecreued
by sbout 61% upon replacing N, by Rz (at the seme
temperature, T = 2300 K), whefeas the decrease of
the partial pressure oi' all flame molecules together
was about 57%. (After correction for the variation
in averaged reduced mz 3 this difference became
still somewhat smaller) ) These outcames support
strongly our concep* that tbe transfer of internal
energy éduring collicions between gas molecules and
alkall atous 1= the mnst likely mechanism fo metal
ionization in the flame.

We propose the follovwing reaction sechanisa

M+ X*aZapM® + 0 + X (x11)
n
where X is.flase wolecule. This mechanism gl pro-

posed by other authors t,00{(20,40,42,2,43,39),
Other ionization mechanisms that are s.ggested are

M + OHs=M' + OH" “IXIII)(cf. 11t . (Uk)
M+ eagpM +2e (XIV)(cf.14t, (44)

and M + }{20=Mﬂ2o* + e (xv)(ct.11t. (45)

Reactions (XiIT) and (XV) can hardly play a part
in our CO-flemes hecauve of low OH- api I&O-contentu.
Besides Jensen snd Padley have proved 39 that re-
actions (XII1) and (XIV) can both pe r: ectea in the

-flames, since the ionization takes place through
a process which is first order with respect to free
atomic metal and which is pseudo first-order over-
all in a givern flame. Reaction (XV) can be ruled
out because of the experimental ocutcome that the
activatior energy found corresponds very well to the
ionization energy of the metal involved (cf.lit.{39).

For simplification wz assume the flame connists
of N,-molecules at constant temperature, T, through-
out the subvolume considered. The enargies avail-
able (vibrational, rotational, translational and
excitation enex‘gys are supposed to be distributed
according to the Boltzmann formula. The discrete
vibrational energy levels of the molecules are ap-
proximately equidistant (hv_= XT). In our picture
small amounts of rotational and kinetic energy may
be transferred \(multaneously during the collision
and thus cupplemeat the vibrational energy transfer-
red. Then the vii»ational energy E_ transferrsd may
be conside :d as i it was distribufed continuously,
The atom t. be ionized possesses a virtually infinite
number of elect onic excitation levels with energy
E,. In principle the occupation of these levels
oﬂeya the Maxwell Boltzmann Law. For simplification
we suppose that Q is constant for any value of J
and is independent®Br the excited state of the mole-
cule and of the kind of elergy transferred. This
Q refers to some sor: of average value. Under
tﬁgnauxmption that ioniuti?g grugse atan occurs if
”»y

E'1 +E 2E w; ﬁ.;d for m,,
43 ¢
By = Myo, (B exp (-2 1) 3_0{_‘521} (20)

where Z 1s the (electronic) partition function of
the a and g, is the statistical weight factor of
wie excitaiion level of the atom. PPy
In this eguation the infinite summation ¥ BJ
=0

occars. In order to circumvent this difficulty we
split thic sumation in two parts: one rummation
over the excitation levels with B, < E, -kT

(0 < 4 < n) and the other over thi ;enhn.trg energy
ievels. Assuming that the Boltzmann distribution 1is
still valid for the levels with j < n, we can eval-
uate the first summation and we are able to derice
Q, _-values from the -values experimentally found
(%Rording to Eq. (203}’.‘ It should be noted that if
we had chosen E_ smaller or larger by 4XT, the Q"
values would be raisec and lowered, reapectively,%y
factors of about 2+5 aud 3,0.

As regards the secord term of the above sumration
one may remark the following: When the aton is in
an excited state with energy E (j > n), which ap-
proaches the lonization enerxv’F, wituin kT, we may
asgume that each collision with & fiame mclecule
leade to ionization. The summatics over tgs energy
levels with J > n leads (. a finice value . Yec¢
it should be noted that for energ ' states in the
enviromment of the ionizaticn state, several com-
plications may be expected: the general Boltimann
distribution of the excitation energies aight no
longer be valid; the highly excited atoms have di-
ameters that compare wvith interstomic distance. If
the ionization process is not equilibrated, thsare
will be no equ' .ibrium with respect to the occupas
tion of the ' _her electronic levels, which may be
fed for a noticeable part by ion-recombination.

The implications and consequences of the above
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deviations are still under investigation.

From the experimental m -values at T = 2500°K
we calculate now the follok¥ng (under-limiting)
values of Qion:

Qon(Me) = me69 &2,
Q p(C8) = m.9 K

The order of magnitude of these values compare
fairly well to that of gas-kin Eic cross-sections
being in the order of (30-80) § and tu the quench-
irg crgss-sections (cf. Sec. IV) arounting to (10-
100) §5 .

It should be noted that the Q, -values .ncrease
in the sequence Cs - K - Na, wheféas the corre-
sponding gas-kinetic cross-sections decrease in
this sequence, Most probably some efficiency fac-
vor has still to be taken into account, when com-
paring Q, -values with gas-kinetic cross-sections.
We have 3% considered N,-molecules. The Qi -
values frund from our expériments refer to a gind
of avereze values as regards the kind and the
excitation states of the molecules and the atom.

Our -values for Na, K and Cs.at 2250°K
amount to 9.0, 190 and 40O sec™ ", respectively,
may be compared with those obtained by Jensen and
Padley(39), They fcund the following values: 7.2,
2680 and 4000 sec ~, respectively, for Na, K and Cs.
We have no explanation for the discrepancy in the
case of Cs. :

For comparison we gjve the result for m_ (Sr)
in the CO-0,-N flm!‘bl): for temperatures rang-
ing from 2480 £0.2600°K the (Sr) varied from
1.9 to 11.8 sec™". He%fromm&]e’ derive a Q, (Sr)
value of about m x 120 X°. (at T = 2500°K}Pcom-
para_ le to thc values found for Na, etc.

From the m_, -values the corresponding values of
the recombinn&on rate constant s _ may be derived
according #» Eq. (16). We comparihour values wiih
those found in the literature .

In the below comparison we must note that the
values in 1it.(43) refer to metal solutions sprayed
ranging from 0.01-0.1 N. The s-values found depend
o the kind of salt used and on the metal content
in the flame. We investigated the latter depend-
ence by measuring m,, (and s,,, for Na, X and Cs
for metal concentraaons va.rgléld by a factor of
eight and found no dependence of m_, (and s_ ) on
the metal content. This outcome sﬁguld be & ected
if the ionization proceeds as suggested in our work

At a given temperature the s _, -valiues found by
us decrease in the sequenu.e Na-kk-’Cs, i.e. with
decreasing ionization potential. This holds
throughout the temperature range considered. T?ﬁ;
resul¢ is in agreement with the fesglts of King 3)
and those of Knewsstud) and Sugden 47). The results
of Jensen and Padley are consistent with our

ron(K) = .29 £ and

results. It should be noted that the 5y -value of
Sribl) arveared to be larger than that 5 Na. Since
Sr has a..o & larger ionization energy, this out-
came seems to flt in the picture above.

Finally we consider the ionization and recombin-
ation processes in the flame region downstream the
temperature maximum. In this region the m-values
found appear to exceed the m  -values &s derived
from fig. 10 for comparable Vemperatures., For an
explanation we suggest chemi-ionization reactions
caused by three-body collisions involving CO and
excess O (cf. the chemiluminescent reaction (III)),
(Reactions involving excess H and OH do not play a
part because of the low partial pressures cf H and
OH in the CO-flames). This non-tr rmal chemi-ioni-
zation proceeds then according to

c0+0+M~c02+M’+e (xvI)

The probability of this reaction may be enhanced
by considering this reactlon to be couposed of two
successive steps CO + 0 + X = CO, + X* (whgre X is
fiame molecule) followed by: X* + M =X + M + e
Similar two-step prncesses have been d’.cussed else-
where(2,6,15,17) in connection with the suprathermal
excitation of alkali atoms. It should further be
noted that Wigner's Rule ig obeyed in reaction (XVI)
wh:n M is an alkali metal(6)

we may formally write for the m- and s- values

actually found: m=m_, +m and 5 = s + 5 .
It is now assumed thatth exc 2 exc
mgyee {{c0100] - [co) (o1, } (21)
and likewise:

sexca{[m2] - [c°2]eq} (22)

Since [002] ~ [COZ]e (cf. Sec. III), we may neglect
8 ’ From Eq. (15) we now derive:

exc
=1{%h o 2 aM}.
Bexc M |ITT). (M - M)° - EE} Bth (23)

From this equation the values of m can be cal-
culated, since all quantities invoI¥€a are xnown
(ef. rigs. (9) and ?10)).

The actual O-content in the flame can now be
derived from the temperature profile in the flume
and [c0] ~ (c0])_  (cf. Sec. 1IIa). [0) and [cO]
can be calculatsa in each point of the $9ame wken 2
the supply of fuel and oxidant gasses and lccal tem-
perature are known (cf. Sec. II).

. When plotting the m__ -values experimentally
found for K and Cs as & Tunction of §[co}(0] -
[co] (o] we find in good ap?ﬁx tion a
stmight e through the origin . This is a nice

experimental confirmation for the chemi-ionization

TABLE 2. COMPARISON OF EXPERIMENTAL s, -VALUES (I M3 SEC™Y WITH LITERATURE DAIA

*
Salts Pir-C Flanme 0, Flame
3l H,/0;,

Sprayed 7 = 1970% (3) S au00%k (47)
Lic1 6.5 -9.0) x 1072 -
11,C0, 7.8 -9.2) x103  5x107
Na@l 1.9 - 2.8; x 10 -—-
Ns.CO 3.1 -4.0) x102 4 x1079
X3 3 §o.18 - 0.25) x 1072 -—-
CsCl 0.17 - 0.25) x 10~2 —-

Air-C2 Flame &a/oe-Fla.'ge C0/02/N3-Flame

T = 2500% (B 1 2 2u00% (M8 1 . 200k (%96)
- --- 8.7 x 1072

>3.0x 107  33x: 77 3.2 x 1073
--- e 0.68 x 10

* for metal concentrations in the range 0.01 - 0.1 N
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mecranism proposed.
From tle slope of both curves the following rate
constants could be derived:
k§6 =7x 10732 crn6 sec™! and kgg = 1.b x 10'31cm6
-1
sec
Using the above rate coastant values we are able %o
derive the contribution of thermal chemi-ionization
to the m , -value. These calculations showed that
this conepibution was negligibly small as compared
to thc thermal ionization due to collisions with
flame gas molecules (See above).

VI. Mechanisms o.' Alkaline-Earth Oxide
Dissociaticn in CO-Flames

In hydrogen containing flames the formation and
dissociation of alka'ine-earth oxides proceeds most
probably b{htgv follcwing reactions, where M is a
metal atom\“?

M +H2o‘.=MO+H2 (xvi1)
and/or
M+ OH2zMO + H (xvIiII)

Teking into account the change in enthalpy of
reactions (XVII) and (XVIII) for Ca, Sr and Ba, it
is reasonable to assume that in flames at atmos-
pleric pressure these binary reactions are suffi-
cicntly rapid to be balanced at any point above the
reaction zone. (In ordinary flames, the concentra-
tion of particles occurring in reaction (XVIII) may
be of an order of magnitude lcss than those occur-
ring in reaction (XVII)).

Deviations of the radical concentrations from
their equilibrium values 4ill not affect the degree
of dissociation of thc alkaline-earth oxides, a.
long as the concentrations of thc stable major
species ¥§ and H,O are not affected Ly these devia-
tions. is holds also if reaction (XVIII) were
the prevailing one, because of the rapid, =quili-

rated exchange reaction H + H20‘—‘vOH + H,
(See sec. (III)).
Since the greater part of the alka'ine-carth
metal is present in the flame as oxid (s7,50),
the atomic metal content is not expc._ted to be
directly affected by radical deviaticns. This
holds :ot a priori for the metal hydroxides.
In dry CO-flames the above reactions are not
expected to be effective. In these flames the con-
centrations of H-igmggunds is suppressed to &
negligible amount\®s
We have detexrmined photometrically in these
flamgs (with temperatures ranging from 2200 to
2550 K) dissociatiu. energies of Ca-, Sr- and Ba-
oxides in two independent ways based on the assump-
tion that the state of discociation corigsgynds to
equilibrium at the measured temperature‘\®s>!’/, Con-
sistent results were obtainec when
(i) the height of otservation above the reaction
zone was varied from 0.8 to 4.5 cm

(ii) the flame temperaturc (and flame gas composi-
tion) was varied

(ii.)the moisture of the flame was varied by
supplying additional water vapor.

The result; compare satisfactorily with other
recent dat? feom £§ame rhotometric work in the
literature\7s21=5%) = 1hys implies that ir our dry
Cl-flames an equilibrium dissociation of the metal
oxides is ectabiished at a sufficiently rapid rate.
The observation that ionization does not upset the
oxide to metal ratio in thc flame may be considered
as a further argument for a rap‘il equilibratinn of

the dissociation reaction(6’7’55). We want to dis-
cuss the reactions that may explain this outcome:

The direct dissociation and recombination
reaction

MO + X%SM + O + X (xx)

would require a third bedy X. It seems highly im-
probable, using gas-kinetic cross-section data, that
sufficient dissociatung collisions will have
occurred for the establishment of an equilibrium
state, when the flame gases have traveled away from
the reaction zone over a distance of about 1 cm
corresponding to a rise-time of 1 - 2 msec Step-up
provesses involving intermediate (vibrationally)
excited states of the oxide molecule, might enhance
consijerably the over-all probability of a dis-
sociating oilision (cf. similar mechanism for ex-
planat;on of large ionitation cross-sections in
Sec. V).

But, 2ven if reaction (XIX) should be suffi-
ciently rapid, it must be ruled out, as the main
aissociation reaction, since it would make the de-
gree of diissociation explicitly dependent on the
atomic oxygzn content. This content is known {(See
Secs. III ani V) to exceed its equilibrium value
markedly, especially so directly above the coies.
This excess O-content depends cn temperature, fuel-
to-oxidant ratlo, etc. In our CO-flames this excess
factOf,og O-con“ent may be as high as two to
eight\®» ). Thiz would have introduced a systematic
error of 3 to 9 k-al;mol in our determination of
dissociation energics. Since our results under
varying conditions were mutually co?sissent within
an accidental error of 2.5 kea);mol{6,7) we have to
reject reaction (XIX).

We believe that the consistency of our cxperi-
mental dissociation cnergy values can be explained,
in analogy with reactioa (XVII), by the rapid
equilibrated reaction

MO + COSSM + co, (xx)

CO- and CO,, contents virtually equal their equilib-
rium values, regardless of the deviation in atomic
0-content (15) (Sec also Secs. III and V). The
change in enthalpy amounts to 2k, -16 and -1 kcal/
mol for Ca, Sr and ba, rcspectively. This reaction
parallels the well-known water-gas equilibrium
reaction

H20 + COﬂ=;H2 + CO2 (xx1)

which links up rcaction (XXI) with (XVII) in hydro-
carbon flames. (Thercforc it is hardly possible to
discriminate betwecn thcse reactions in these flamesg
However, the spin-conservation rule seems not to
be satisfied in reaction (XXI), CO and CO_, having
singlet electronic ground states. A similar d:if-
ficulty exists in the combustion reaction
CO + 0 = O, (Sec sec. III), whicn is stili belicved
to be possigle, howevcr. Possibly the formation of
alkaline-earth atoms in an excitcd triplet state
through reaction (XXI) should be considered. 1In
this case the change in cnthalpy amounts to +20,
+26 and +25 for Ca, Sr and Ba, respectively. We
may remark that Wigner's ruic is obeycd also in
reaction (XVIII) only if metastable metal states
are considered. Another possibility_is the fYrm?-
tion of Co2 molecules in an cxcited 3N state. (99

VII, Excitation Encrgies of Some Visible
Aikaline-Earth Bands

When alkaline-earth salts are introduced into a
flame or arc strong emission bands are observed in



the visible spectral regien. They have usually been
attributed to the oxides, but their complex struc-
ture has not yet been resolved in detail. The
correct assignment and analysis of the alkaline-
earth band spectra is of interest for various rea-
sons. The systems of Ca0, SrC Ba0 that have
been mamid s;g? to involve a state of the
lower levell(56- . This singlet state possibly
not "orrglates ugon dissociation with ground state
atoms M("S) + O(°P) because of Wigner's rule.

(cf. also Sec. VI). Another possibility is that
the singlet ground state of the MO-mole. ules dis-
sociates into a pair of at.ms, one ur both of which
are in an excited triplet state. Birge-Sponer ex-
trapolation method based on the vidbrational analy-
sis of the bands gives quite too low values of the
Ca0 and SrO dissociation energies 59-61), This
result may suggest that the actual ground state
which differs from the lower excited level involved
in the band emission might be an unknown triplet
level.

Measurements of Huldt and Lagerqvist(6°»62) have
shown that the terms in Ca0 and SrO are not to
pe identified with the ground state.

There are indications in the literature that
other stable molecular compounds such as MOH;‘EO,
MO, H? and M(OH)_, might be present in the f o
It 1is Suggested tﬁat MOH molecules are regzonsigle
for the visible alkalinr-earth bands.(63,64,66,67)
Strong evidence for the occurrence of MOK in H, -
containing flames has beer( obtained from photo-
metric flame measurements(68-7T1) A recent publi-
cation of Sugden and Schofield T suggested that
(MOH), might be much more important than (MOH) in
HZ/O N,-flames.

Oﬁr %pectrographic observations of the alkaline-
earth spectra in dry and moist CO/0, /N, <f. N
CH./0,/N - and °3"§£°2/“' -flemes ° 2){63385 led
tg fhe cuficlusion”that t.h‘g visible band spectra
should be attributed mainly to MO molecules., In
order to produce additional evi.ence for this out-
come we measured tr- excitation energy for some
visible bands of Cauv, SrO and BaO in Q-, H2- and

Czug-tlames.
he absolute vt.h;e of the excitation energy of a
molecular band, 4 cnﬁ’ne determined as follows:

The difference of the Eggd-nluea of two bands
(meazured at the band h¥&ds) of the same alkaline-
earth molecule zan be found from the equation.
(This diffe-ence is independent of O-content and
dissociatian energy). (1) (2)

(@) i) fi .1 -lln[um) "MO) }(zu)
: 1
Fo' ~ o {1 rz} (;g) o ) .

where T uhh",, are two (different) flame tempera-
tures aBd Yo “T , etc. represent the dband inten.

sities (apart frim o constant) for the two bands,
respectively, at teﬂperatuﬁ’ Tl and T'Z'

The absolute value of I-‘.‘g cén e détermined
following tg& gs’,hod appli 8 by Huldt and
Lagerqvist\"<»®¥/  The band emission {corrected
for i nization) is measured as a function of fleme
temperature, with a given metsl solution sprayed.
The corresponding meter defection, Ugo? sa.isfies
the following relation

uma[xo].l.exp (~Eyo/ KT) (25)

wiere 1 ia the thickness of the colored flume part,
(M0] the concentration of molecules MO, and Evo

the excitation energy. -1
By plotting ln(uMo) versus (kT) = (after cor-
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recting for the possible change in 1 and {MO]) with
varying temperature) we find for the band con-
sidered from the siope of the curve., In order to
correct for the veriations in 1 and {MO] upon vari-
ations in temperature, we measured the corresponaing
variations in the Ma-P- doublet emission. Herefrom
we deriyed =Tter correcting for the varying tempera-
ture, the relative change in the product__)sl (N refers
to the toilal element concentration in cm ~ present
in the flame part investigated). It should be
remarked that not only N = [MO)] + [M] may vary, but
also the ratio [MO]J/[M]. The variations in [MO]

due to a shift in dissociation equilibrium with
varying temperature can be derived from the cal-
culated oxygen content in the flame at the different
temperatures, and from the (known) dissociation
energy.

In the measurements outlined above some assump-
tions have to be made and experimentally confirmed
(1) The population of the excited states involved
in the band emissiocn must obey the Maxwell-Boltzmann
formula at the relevant temperatures, i.e. thermal
equllibrium should exist (cf. Sec. I).

(11) The actual oxygen concentration is supposed to
be equai to the equilibrium concentraiion.

(111) The molecular species responsible for the
band emission observed is ascribed to oxide mo'e-
cules only. (We will show later in this section as
to what extent this assumption holds in our flames.)

The flame temperature wes varied in two different
ways: by adding additional amounts of nitrogen t.hs
termerature in the flame can be lowered by 200-300 K;
the temperature can also be varied by observing dif-
ferent heights in the flame. In the latter case we
cou.&d obtain temperature variations in the order of
200K, especially in lean flames.

In order to meet assumptions (1) and (ii) the
height in the flame was varied in the region up-
stream the temperature maximum. In this region
thermal emission prevails and the axygen content
2nuals there the equilibrium value (cf. Sec. III).

Some results in the CO/OZ/Nz-flme are given in
Fig. 1l1.
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FIG., 1i. Semi-logarithmic plot of the intensity of
some bands of Ca, Sr and P~ egainst the reciprocail
temperature.

From the straight lines in Fig. 11 we w., con-
clude that the population of the excited states



involved is therwal indeed. The -values derived
from this graph are given below (Seg Table 3). fu
should be noted that the EM -values found were used
for the derivation of dissogiation energies, D . ,of
the alkaline-earth oxides from line/bdand rstios.
Since these D . -values appearsd to agree very well
with the D.‘\-Wlues derived in an independent
method (6,7, the F.g -values are reliable ones.
Furthermore their gtferences are in good agreement
with the energy differences found independently
according to Eq. (24) (See Table 4). Since in our
CO-flames only MO-molecules are present, we may be
certain that our E,  -values refer to excitation
energies of al.kaling-ea.rth oxide bands.

The same measurements were repeated in H,- eand
C, H,-fl , vith temperatures ranging from 2250 to
2%&%( ?%3 No correction was made for the form-
ation of MOH and/or M(OH) -molecules. The semi-
logarithmic plots are again straight lines, i.e.
the populations involved are fairly thermal. The
results are , ‘ven in the next table, in comparison
with some literature data.

From the data given in Tubles (2) and (%) we
may conclude:
(i) The same emitters, i.e. oxide molecules are
most likely responsible for the visible alkaline-
earth band emission in CO-, Hﬁ;eand C_H,-flames,
since the EM -values in the three f1 agree very
well. 0
{1i) No evidencc was found for the formation of
MOH and M(OH),-molecules in the three kinds of
flames 1nvest§gated (8ee anove)

TABLE 3.
Wavelength of EMO in END in
Met1l Band Head (X) C,H,-F Lame* H,-Fiame®*
Ca 5475 L.L47 4+ 0.28 4,96 + 0,30
6020 S -
6220 3.97 + 0.24 k.72 + 0.28
Sr 6060 3.47 + 0.22 3.60 + 0.23
6450 o ——-
6660 3.35 + 0,20 3.47 + 0.22
6820 --- -
Ba 4873 --- -
5087 .- -
5230 --- ---
5350 - cam

*  cf. lit. (62)
= cf. 1it. (60)
+ cf. 1it. (6,7)
++ cof. 1it. (73,

(ii1) The results found indicate that the lower
level in.olved in the visible band emission does
not coincide with the molgcular ground state (cf.
also %it. (60) and (62)). (Tge lattef6wai found to
be a °N state rather than a ‘T-statel®s7),

The experimental results rbtained from photo-
metric measurements corg!‘&m nicely our previous
spectrographic resuits{®), (see also above).
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¥ Recently Capacho-Delgado and Sprague have

observed abgorpt.ion of the grein resonance line
in the S5475K bam system of Ca T4). This obsérva-
tion indicates that possibly this green Ca band
system involves a transition to the molecular
ground state, and is consequently inconsistent with
the results given in Table 3.

EXCITATION ¢NERGIES OF ALKALINE-EARTH BANDS (IN eV)

EMO in* Em in . EMO in "
CO-Flame C2H2-Flame H?-lﬂ ame
3.1k 4+ 0.04 3.21 4+ 0.10 3.14 4+ 0.05

——- 3.30 ¢+ 0.10 3.18 + 0.05
2.99 + 0.03 3.02 £ 0.10 2.98 £+ 0.05
2.89 + 0.03 .04 + 0.10 2.6 +0.05

. 2.92 + 0,10 2.95 + 0,05
2.80 + 0.03 2.93 + 0.10 2.76 + 0,05

.- 3.0k + 0,10 2.90 + 0.95

- R, 3.28 ¢+ 0.05
2.9% ¢+ 0.05 —- 2.98 1+ 0,05

- ea 3.17 + 0,05
3.43 ¢+ 0.15 .——- 3.38 ¢+ 0.05

e T T T L L L L L T T e T L T T T P c—mee=

DIFFERENCES IN EXCITATION ENERGY (IN eV) FOR THE ALKALINE-EARTH BAND

MEASURED INDEPENDENTLY (ACCORDING TO EQ. (2L))

TABLE .

Metal Band Heads in R CO-Flame

Ca Egus - Bgozo m=-
Bgyps - Bgogo  0+22 # 0.03

Sra Egogo - Z6us0 -=-
36%0 - 36660 0.13 ¢+ 0.03
6060 = EeB20

Ba  Egy50 - Eugy3 -
55350 - 25087 0.47 + G.O4
E5350 = Bs230

1h

C,H,~Flame H,~F lame

<0.12 4 0,05 -0.14 & 0,05
0.14 ¢ 0,07 0.13 4 0.05
0.15 + 0,05 0.02 + 0.04
0.12 + 0.0, 0.13 ¢+ C.03
0.07 ¢+ 0.05 0.18 + 0.0
-0.49 + 0.10 -0.35 4 0.10
0.52 + 0.05 0.u6 2 0,08
-0.06 + 0.03 -0.10 4 0.03
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