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ABSTRACT

The theories and attributes associated with the production of
colored flames are presented. Particular attention is given to
flames containing strontium (red), barium (green), sodium (yellow)
and copper (green or blue), Thermal cxeitation of vaporized neutral
atoms, molecules and ions is correlated with the cmission of atomic,
band and ionic spectra. These spuctra are tabulated, 7The color
contribution of C-type chemiluainescence, o non-thermal excitation,
is described briefly,

The varisbility of emitters, emissions and color with the opere
ating flame température is discussed in relation to the thermodynamic
properties of the reactants and‘thu praoducts of combustion,‘ These
thermal properties are tabulated, lonization is shown as a con-
tributor to color degeneration, The use of an ionization butfer to
reduce ionization is explained,

Depending on flawe conditions und the wetal being used, the in-
tiuenice of halogens on the production of color is discussed., The ine
fiuence is not wlways beneficiul. The flawe oquilibrium shift caused
by the halogens is described for each of the metuals. Metals and anions
other than the halides are discussed in rolation to thoir ability to
intensify or suppress emission, The preferred emitters for euch of
the wetals are listed and idealistic postulates are presented which apply

to the production of color in a flame,
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20 March 1964

THEORY OF COLORED FLAME PRODUCTION

1. PURPOSE
a. The purpose of this presentation is to cnumerate and discuss
the theories and attributes associated with the production of colored
flames,
2. INTRODUCTION
16
a. Ellern states, “--- colored flame predu:tion is beset with
unusual problems, These problems are cuused by the lack of choice
in the available color-creating waterials, the absorption of light by
the atmosphere, the limits of discrimination Ly the human oye, and the
chemistry and physics of the processes and substances involved," To
ovoréomu the “lack of choice problem, additional colov-creating
waterials can be made nvailable by inorgunic, organic and wetal~organic
chomical synthesis. In order to evaluate new muterials, it is necessaxy
to establish criteria by which tho material may be judged.

be If the chemistryy and physics of the processes involved in colored

tlawe production were known in detail, it would not be difficult to

establish the criteria. Because, however, much information is not
availnb%e. it is often necessary to judge material; by ewpiricul methods,
Bllernlssummtrizod wost of the problem when ho stated, "With increased
and fuller knowledge of the heats of formation, boiling points and

dissociution temperatures of redction products; and with greater insight

into the emitting charactoristics of guseous flawes and of solid particles,

we should eventuslly be able to build forwulas in & wore ratiowal wannoer,
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LEven so, compromises are unavoidable. Maximum heat output per unit volume,
highest stability, and lowest volatility of end products (lowest volatility
for white light, highest volatility for colored light), and desirable be-
havior of original reactants, may not be attainable in one formula".

One should not interprot this to mean that ther. & a cowpleto void of
knowliedge of the chemical and physical processes related to colored light
production, Certain facts and theories are available which cun be used

first to describe the procoss by which a colored flame is produced and

socondly to evaluate and judge the value of new compounds intended for use
in colored light formulations. It is for this purpose that the theories

related to colored flame production wure collected, formulated and discussed

in thig presentation,

3. COLORED FLAME PRODUCTION

a. Mechanism

RE-ET 2

(1) Only & few of the more than 100 elewents are used to impart

A ML i i 1 e .

a color to & pyrotechnic flmme. These are strontium (red), barium (green),
13

copper (green or biuo) and sodium (yellow). Ellern states that lithium (red),

-4 ety ©

ISR o ST T

boron (green), thallium (graen), rubidiwm (red) and cesium (blue) are also

strong color producors but that thoir use is not practical because of cost,

-
ol s e Bt

toxicity or the nature of the compounds. All of these elements have cortain
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properties and characteristics in common which contribute to colored light

emission,

(2) Colored flames are produced by excitation of metallic spoctra.

v ol kA .
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At the high temperature of the flame, the salt or metal is vaporized, and

part or all of the guscous molecules 8re progressively dissociuted to give

~
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neutral atoms which are potentially emitting species. Some of the free
metal atoms unite with other radicals or atoms present in the flame. The
vupors of the neutral m?tal atoms, or of the molecules containiny the
wmetal atom, are then excited by the thermal cenergy of the flame. Ioniza-
tion and excitution of the neutral atoms may occur to some degree. Frouw
the excited levels of the atom, or molecule, or ion, o reversion takes
place to the ground state - partly by impacts with other species, partly
spontancously by omission of light, The preceding sequencezof ovents
oceurs in rapid succession. Figure 1 wmay help to visualize tho entire

soquence if stxontium chloride is used ag the example.

Eigure 3
{From )
+0l1 (Flamo) Z=2 S0l
P {Gases)
’
e
Solid Gasoous Néutral lonlzed
Molecules > Molecules _ Atoms Apoms
$ril; &= sl (-'-‘-"Sr\ + ci'e-—""%} +e”
\\
Solid N {From ) 3
Metal ) (Flame) 5¢0
Sy (Guses)

be. Spectiwn vs Luitter

(1) bifferent y;volongths of radiation ure omitted whenever
difforent events occur, No uspful rndi;tlon {(with rospect to colored
flames) rosults while the awetal or metallic compound is o solid or liqﬁid.
As soon as it is vuportznd, wseful rudiation may result, 1f the compound
romniuq,us an p;di;iuggatqd‘vu?drized.moloculo, it produces a bpnd spectrum,

When the tempoxature i3 reuched which cauzes the compound to dissotiate

Vorody 0O PR kW e B - L S SN
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to vaporized neutyxal ntoms;'a different spectrum rosults., Noutral

atows produce an atomic spectrus composed of atomic (arc) lines,

When the temperature is increased further to the point that the electron
is completely rewoved from'the influence of the nucleus, the atowm is
ionized, fonized atoms produce an ionie spectrum composed of ionic
(spark) lines.

(2) Now that a spocitic evont hay beon described as being
associutod with & specific spectrun, the sequence of ovents shown in
Figure 1 will be roviewod. The solid Sr° metal or Stlly wolocule is
vaporized., ‘The SrCly molecule dissociates to SrCl. ‘The gascous
undlssociated SrCl molecules emit a bund spectrum, The gasevus neutral
atows of Sr° emit an atomic spectrwn, Tho gaseous neutral Sr® atows
are obtained from the vaporization of the neutral 5y° metal or tho
dissociation of the guscous 5rCl molecule. At this point, one of two
things can happen to the neutral $r® atom, It can be heated until it
lonizes, at which time it emits an ionic¢ spectruw, or it cun combine
with an anion such as tho hydroxide, Ui, radical to form moleculax $xOd.
This now molecule will emit a band spoctrum snd will buhave like the
SrCl wolecules. As long as it remains as an undissociated gaseous
molecule, it will emit & band spectrum. When thu temperature is raised,
such -that the Srlil dissociates into the neutral Sr® atom and the Ol
radical, the Sr will once again omit an atowic spectrum. it should Lo
obvious by now that the entire systom is temperature dependent,

(3) Up to this point, spectra were discussed in terms of
radiation resulting from therwal excitation, When radistlon results
frow non-therwal excitation it is described as one of thruv types of

4

- . __— . e s .
. il . vl e RTENIET D ek R k1 GG

T o e ¢ et Lt e

W

i

—— .




e NG RS w1 T2 T

L%

L
{

RDTN No. 71

chewiluminescence. For purpcses of colored pyrotechnic flames, the
C-type chemiluminesconcesigsgost important, It results from the for-
mation of an excited molecule directly in the excited state in amounts
bearing little or no relation to the ground-state concentrations. This
is & wmolecular, as opposed to an atomic, phenowenon, Colortul bund
systems for metallic«Oll wmolecules, particularly for barium, strontium
and copper, are probably due to moleccules that have no indupendcnts
existonce outside the flume, An equution representative of the L-type
chewiluwinesconco is

Cu ¢ OH + X commmp Culll + X

whors X is @ third body such as tp0, liz or Np and Culll is the directly formed

20,22
oxcitod molecule. Gaydon discusses chemiluminescence in relation to

flame reactlion processes and equilibriu,

(4) There is a group of wolocular emitters that do not provide
desirable colors t¢ pyrotechnic flamwes. Some of those emittors are Oil,
CO, 0y, CiH, C; and Hy0. They make up the background radiation of the
flawe und will be present as loug as orgunic binders or metal-organic
compounds are used in colored flares, All of thuse radicals and mole-
cules emit a band spectrum.

(5) Another spectrusm that exists in colored flame pyrotéchnics
is due to continuous radistion and is called & continuous spectrum or
continuwi, No motal is free from & continuous spzctrum, ospecially
when present in large amounts. The continuous spoctrum is normally a
very wide, undifferontiated bund,

(6) For details cun::rning the tgeory of spectra, the readoer is

referrved to books by Gaydon and Pauling.
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(7) Not only do different metals emit different spectra, but
also any given metal may radiate several spectra simultancously. To
complicate the matter even more, all the lines and bands responmsible for
the colors in colored flare flawmcs have not been assembled in composite
form, Therefore, to fill this void and to make information roudily
available for reference in lator discussion, data was asscmbled concerning
the iwportant lines, bands and continuws for strontiwa, barium, copper,
sodium, lithium, boron, thalliwn, rubidium, cesiws and potassium, This
data is in Appendix 1.

c. bmitters vs Temperature and Color

(1) thus far, it has been established that guseous metals or ;
nmotallic compounds will emit various spectra whom oxcited in a flame, %
The difforent types of spectra were introduced in relation to the degree '
or type of e¢xcitation invoived, The clemonts which impart a stromg red,
green, yellow or blue colox to & flame wore listed. It was also stressod
that the flame spectruas that results from the wetal cxcitation is tomperature
dependent., If tho coaposition of the flame is known to the cxtent that
the owitters are idemtified, the flame spectrum corresponding to these
enitters will be composed predowinantly of energy radiating in waveleunygths
which the eye ussociates with a particulsr color. Thus, the apparent

color of u pyrotechnic [lamo can be explained by relating the wavelengths

of energy which correspond to that color with emitters which radiate in

that wavelength, As mentionod previously, the existence in, or absence

from, o tlame of a yiven omitter spocivs is reluated to the flame temperature,

Therefore, in an effort to doscribe the color production mechanisw, it

is not only necegsary to identify the emitting specie but zlso it is necessary
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to specify the flame temperature,
d. Temperature

(1) For purposes of this discussion, colored pyrotechnic flamos
will Le described aussuwing a flame temperature of 2000°K, Most colored
pyrotechnic flawes will probably exceed that temperature. In comparison
to other flames, tho ZOOSK reference tomperature is equal to the temperature
of an illuminating gas-air flamo. The waximum theoretical temporature
of an oxygen-hydrogen flamelis about 3050°K and that of an oxygen-uacetylene
flawe is about 33525°K, Doanogives 2450*K as the opersting tomperature
of an oxygen-hydrogem flumo and 2800°K for an oxXygen-acstylenc flame,
The seemingly low roference temperature was selected primarily to lator
show that many wmoleécular substances are decompose¢d below this teuwperature
and, therefors, cunnot be considured as emitters at or above this tems

23
perature, The veader is referred to Gaydon for information concerning the

moasurcment of flame temperature,

(2) There are several temperature~-energy rolationships that will
be used for estimating coertuin occuronces. For oxample, in an oxygen-
‘acetylcno flaume (2800°K), emission is limited to lineaswhose excitation
potential is lesy than ~ 5,5 ev or 127 K cal/mole, One olectron volt
per moloculezis equivalent to 23,053 kilocalories per gram mole., At
2000°K, it is estimated that molecules with a dissociation onergy of
75 K cal/wole (3.26 ¢v/wolecule) or less will not be present in an
approciable anount and that molecules with & dissociation ewergy of 95

K cal/mwole (4,13 cv/molecule) and larger can be formed and will be

stable., Nominally, the 2000°K flame is equuted to 3.7 ev/molecule or 85

'11
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TN

30
K cal/mele, For diatomic wmolecules, the dissociation energy is related

to the heat of formation and to bond strength.

(3) Tt is emphasized that the preceding relationships were pre-
sented fur estimaiing purposes and must not be used quantitatively.
The reason for this obvious lack of accuracy results from the lack of
complete rnderstanding of pyrotechnic flame mechanisms. The high tem-.
perature chemistry involved is not always predictable'using room tem-
perature theory., Brewer and Senrcyl:era quoted as having defined high
temperature chemistry as the chemistry of systems at sufficiently high
temperatures so that the oxidation states, compounds and general chemical
behaviur differ appreciably from those at room temperature. This definition

emphasises the probability that new and possibly unorthodox theories wust be

.

formulated to explain high temperature phenomena.
e. KEnergy Definitions and Relationships
(1) Various energy terms huve already been used in this presen-
tation., To make certain their usage is understood, they are definedsgs:
(a) Bxcitation Potential = Bxeitation Energy:
1. The energy necessary to bring an atom, molecule, atomic

nucleus, etc., from the ground state into an excited state. Lxample of

use: IR Appendix I the atomic spectrum strontium line A4607.3 is shown

- sl e, diichnd R ek, | i .

with an excitation potential of 2,7 electron volts. Thus, 2.7 ev/molecule

is neccysary to excite this strontium line, From the proceding discussion g
of temporature, a 2000°K flauwe wes approximatoed as 3.7 ev/molecule or. 85 5
K cal/mole. A 2000°K flame, therefore, has sufficient energy to excite the ?
A4607.3% atomic apoctruﬁ strontiun line but will not excite the 4.3 ev atomic j

8
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spectrum strontium line A4832.1, With 4 knowledge of the flame tom-
perature and its relationship to energy, the excitation potential is a
measure used to determine whether or not a particular spectrum line will
be emitted,

(b) Ionization Potential = Jonizatian Lnergy:

1. The enexyy per unit charge, for a particular kind of
atom, necessary to remove an clectron from the atom to infinite distance.
Example of use: In Appendix 1 the ionic spectrum strontium line A4077.,7
is shown with an excitatibdn potential of 8.7 ev. The iconization potential
for strontium is shown as 5.69 cv, Thus, 5.69 ¢v is necesshry to romove
tho first electron from th§ influeace of the strontium nucleus and an
additi@nal 3.0l cv is necessary to excite the A4077.7 ionic line for
strontium, The previous discussion of temperature compared the oxygen-

acetylone flume to 5,5 ev, Thus, the oxygen-acetylene flame cannot be

expected to excito the A4077,7 ionic line to any apprecisble degree, Somav‘

ionization of strontium will, however, occur, The first ionization poten~
27
tials for the 10 elements being discussed axe:

© K cal/wmole electron volts
Lithiun T 5,39
Sodium ©118.4 5.14
Potassium 100.0 4,34
Rubidium : 96.5 4,18
Cesiun 88,7 -, 3.89
‘Thallium. . 140.8 : 6.11
Baxiwm - 120,14 5.21
Strontium 151,2 _ 5,69
Boron Cooael,2 - 8.29
Copper .~ " 178 23 jf ' 1.7%

(c) Dissociutxon unergy. L
»-1 'l‘he onei‘gy negossary for the compm:o sspaxation fmp
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each other of the two atows forming a diatomic molecule, or for the

removal of an atom or a group of atoms from a polyatomic molecule, More
exactly, the dissociation energy is the difference between the energy of

the molecule and dts disscciation products in their respective ground
states, If, therefore, the actual dissociation process leads to atoms (or
radicals) in excited states the dissociation onergy is the energy needed

for their separation minus the excitation energy. Example of usoc:
Dissociation energies for various diatomic and polyatomic molecules are
iisted in Appendix II, These values in conjunction with the heat of
formation and free energy of formation are used to hypothesize the existence
of wolecules in a flame, Sodium hydride, for example, has a low dissociation
energy and heat of formation and slightly negative free energy of formation,
Conversely, these thermodyndmic characteristics are numerically large for
sodium fluoride, Thus, at high temperatures, sodium fluoride would be
oxpected to bo stable whereas sodium hydride would be expected to decoms
pose, |

(d) Enthalpy « Heat Content, H,
1, Therwodynamic potential defined as
i =L+ PV
where E 13 the intanal energy of the system and PV is prossure<volume.
(o) teat of Formation
1, The increase of heat content of the system when one wole

of 1 substance is formed from its olements. Exswple of use: lleats of
Formation for various compounds are listed in Appondix 11, 1n a munner

similar to thut described for dissociation encrgy, heat of formation is used

10
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as a measure to ostimate the existence of a compound in a flamo at high

touperature. This means is somewhat unreliable because of entropy changes,

(£) Entropy, S,
33
1. The energy per degree of absolute temperature that

cannot be recoverad as work, ULntropy, 5, is related to free energy and
enthalpy by
HwF « T8,
(g) Free bnergy of VFormation, AF
1. The free cnerxysihange accompanying the formation of the
compound at unit activity from the elemonts also at unit activity, [Iree
energy of formation is defined by the relationship
A = AH = TAS,
34

Exomple of use: The sign of the free energy change of a process is very
significant, A wminus sign denotes that the reaction tends to proceed
spontancously, A positive sign indicates that the reaction is nonspon-
tancous and when AF w O, the system is at equilibrium. A negative free
energy change for 4 process does not necessarily mean that the process
will take place, It is wmerely an indication that the process can accur,
provided the conditions are vight, It is the sign of tho free eneryy
change which determines whother the potentiality to react exists and it
is tho wagnitude of the free enexrgy chawge which tells how large that
potentiality is, Thus, the free energy of formation of u compound way be
used 1o hypothosiio tho sxistence of the compound in a flawe. Froo

encrgios of formation at 2000°K are given for many compounds in Appendix

i1,

11
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f. lonization

(1) Ten eloments have been mentidned previously as being asso-

ciated with the production of a colered flame. It is interesting to

note that five of these are in Group I of the Periodic Table. They are

lithiun, sodiwn, potassium, rubidium and cesium, Two of the ten elemcnts,

barium and strontium, are in Group II of the Periodic Table. In additlon,

these seven also have lonization potentials of sucl magnitude that
ionization in a flawme can be expected, Table 1 gives the percent ioniza-

o
tion of the aforementioned seven elements in relation to various operating

flame tomperatures,

Table 1

lonization Aire liydrogen- Acetylenc-

Potential Propane Uxygen Oxygen
Llsment €V 2200°K 2450°K 2806°K
Lithiwg 5,39 <0.01 0.9 16,1
Sodiun 5.14 0.3 5,0 26.4
Potassiwn 4,34 2.5 31.9 82,1
Rubidiwn 4.18 13.5 44,4 8Y.6
Cosium 3,489 28.3 69.6 9b.4
Strontium 5.09 <0,1 2.7 17.2
Bariwa 5.21 1.0 8.0 42,8

The Suhe equation, A
log & » ZEBE L 2 poy 1 . 6,50 + 103%

where B is the lonization potential in electron volts, T the absoluto

temperature and the g terms aro the statistical weight of the lonized

atom, the electron and tho noutral atow, is used to determine the change in

the degree of ionizatiom u;th tompexature., For alkeli (Group I) wetals

the finul term is zoro; for the alkaline earth (Group II) metals the final

térm is 0,6,

12
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(2) At 2200°K, ‘except for rubidium und cesius, Table 1 shows

very little ioniznﬁion. Thua. at the 2000°K yeferonce temperature chosen

for this prcsnntation. sven 1oss ionjization cun be expectod. An increase
of reletively few degrees to 2450°K shows u significant increase ia
ionization. Tﬁirofo;q, unless the flare is operating near or below 2200°K,
A si#hificani awount of ionization must be aaticipated,

| (3) For purposes of colored flame production, there ate several
flame‘churact;ristici]associnted with ionization which make ionization
uncesivable. This 1s, of cohrsu, why pyrotechnic formulators have always
attempted to creste ‘cool" burnina compositions. The spectrum4of the ion
is coupletely diffornnt trou ‘the spoctrun of the neutral atom and resembles
‘tha spectrum a&ittqd by the ajement of pracedznu atomic number., However,
because of the additionml positive churge on the nucleus, the zero energy
lovel is highpr thln~for-thu elemont of preceding atomic number, and cone
ssquently the euilsioh lines ave displaced toward the ultraviolet, There-

fure, when npprcciablo 1onizution occurs a reduced quantity of the desired

uavolonsth of 1&aray ia auittod &nd us & result, the flame coler duterioxates.

This occurs first becuuuo the ion iz dmitting an ionic spectruy which, tor
yrntochnic purpoaou,‘is ungasirahle nnd*soconﬂly bocause of that loniza-
tion, a reduced nunbﬁr of moytral avous are left to emit in ﬁhn desired
atowic spectrun‘urﬁo‘form nnlocuies which would emit the dosired band
spectrun., ’ o
(4) If iohizutiun'occurs'ih a flame dependent on barium for its
'color. the. doﬁoriorltlon 1n color becouo: wore woticeable then it would

in a cnqpurtho sodium or ;trqntiun dopendont {lare because:

(u) Nuny onissiqnn within the desirable atomic und bnnd spectra are

i

oy

]
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in the yellowish-green wavelength instoad of deep green to blue-green

and therefore do not, even under ideal conditions, provide a large ,

contrast with yellow,,..snd
(b} The intensity of the barium spectrun is leuys than that of

strontium or sodium and therefore sny reduction in emission due to
ionization will bs more nociceublo...ango

(c) Due to reduced luminous efficiency sud increased atwospheric
attenustion in this wavelength, the visibility is reduced even further.
By compuring the differences between the ionic and atomic spectrus for
bariunm or strontius, as shown in Appendix I, the reader can readily
visualize the color (wavelenygth) shift, No ionic spectrum was given
in Appundix I for sodium or thoe other Group 1 alkali wetals, These ionic
spectra, as indicated earlier, would be expected to roscmble the atomic

spectra of the inert gases with a shift toward the ultraviolet. In any g

event, & strong,distincy, desirable color would not be expucted from ionized

T,

alkall wetals such as are emitted by their neutral atoms as atomie spectra.

]

(5) Ionization in €luwmes has Leen studied very extensively, The
24 25,32,37 26,38 p
reader 1s referred to Gaydon, Sugden and others for additional information

concerning such ionization,

g. lonization Buffer
(1) Occurvence of ionization of wetal vapors, especiully the

alkali metuls, strontium and barium, has aliready been described. lonization

R AR . AR

of barium kas already been described. lonization of barium in a barium

-

bayed flawe has been dascribed as being particularly detrimental to emission

of the desired green color. Ono weans for reduciny ionization is to

Sabcl .. .okE
e
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reduce the tewperaturs, This relationship was previously described., {rom
a practical standpoint, to reduce tho oporating tewperature to the point
that ionization of burium would be nogligible may result in an unserviceable
pyrotechnic for reasons other thea color, It is, therefore, desirable to
be able to suppress barium ionization by means other than temperature
reduction, This can be accomplishodaby the addition of an easily ionized
metal to the flawe., In Milltary Pyrotechnics, potassium, usually in the
forw of the perchlorate, is used to Luffor the ionization., The selection of
the perchlorate salt of potassium instead, for exawple, the nitrate salt,
is to provide not only tho buffer effuct and oxygen supply but also a
halogen supply. talogen intluences will be discussed separately,

(2) Continuing with the ionization bu¥fer discussion, the ionization

of barium can be described as:
B8 g=2 ba’ + e-,
Potassium, which is even wore veadily ionizable than bariuve, can be dess
cribed in & similar wannex:
K== k* + -,

If conditions which upproach equilibriwn are sssumed, then by Le Chateliex's
Law Of Mass Action,the electrons reudily produced by the potassium ionizu-
tion will bring stress to bear on the bariun equilibriwa, thexeby displacing
the barium reuction towesrd the neutral atom., In so doing, less bariun is
ionized leaving more burium to emit its atomic spectrus ox to form & com-
pound which will emit its band spectrum.

(3) Tho effect of potagsiun on color should be noted., The ionized

potassiuwn will emit & gpectyum which resemblos the atowle spectyum for argon

4 e

e e i




RUTM No, 71

whiose strongest limes are in the deep red and near infrared. As seen
from tho thexmodynamic properties listed in Appendix Il, except for the
halogen salts, potassium will exist as the neutrul atow in flames over
2000°K and, therefore, will emit the characteristic purplishered and bluish-

purple atemic lines listed in Appendix I, Flame ewission spectra for

the potassium-halogen salts could not Le located, The ionic and atomic

potassium spectra will not cause approciable interterence in ¢ strontium-red

flame, Somew st xnore interference would be expocted in a barium-green

flame, Fortunately, however, the benefits of the ionic buffering action

outweigh tha disadvantage of the off-color ionic and atomic spectral emissions,

h. lalogen lufluences and Lolor Production

————

(1) Long ago, pyrotechnicians started to add halogens, in some
form, to pyrotechnic compositions in order to intensify or enhanco the

color. Chlorxine in the fortm of a perchlorate salt is frequently used for

this purpose. In sddition, non-oxidizing chlorinated additivos such as

e N

hexuchlorobenzene and polyvinylchloride are also used, Although the ctfect

T A

is known, the wechanisw is not cowplotely understood,
(a) Barium-Stroutiwm

1. Ellcrnlzredited {lart as referriug to the red flame as i

Jdus to midlecular bands in the red region, csused by molecular strontium

oxide and chloride, and diluted with other lines and bands frow incandescent i

particlos, uurt alsc referred to the groen flame us Leing due to bright %

blue bands from copper and barium chloride in the 4000-5000 and 5000-5500

angstrow region. More recent information leads to a slightly different

¢xplanstion,

16
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2. Colored flame pyrotechnic compositions contain organic

binders and chlorinated organic molecules, The combustion {(oxidation)

of these organic moleculss provides the flame gases with a source of atomic

; and molecular hydrogen, neutrsl and negatively charged hydroxyl radicals,

‘ atomic and anionic chlorine snd other materials. The low, 57 K cal/mole,

i dissociation energy c¢f molecular chlorvine as shown in Appendix Il leads

| to the absonce of wolecular chlorine from the flame, Using barium as the

oxample metal, several combinations can bo oxpected,

b Cl + H + Ol g=2 lCl + ull

Ol + Ba g==D BalH

€l ¢ ba g==2aCl. ;
i

The combination of chlorine and hydrogen to form hydrochloric acid is

spontansous at Z000°K since tho free omergy of formation is =25.5 K cul/mole,
Once formed, the HCl can bo expected to be stable at temperatures in rea-

sonablo excess of 2000°K since the dissociation energy is about 103

K cal/mole. The high likelihood of LUl formation plus the stebility after

formation causes an excess of the Oll radical. This excess, in turn, represses

the dliatomic metal chloride, #aCl, formation and increases the triatomic

wetal hydroxide, BavH, forwstion, Another consideration with wrespect to

the suppression of the BaCl formation is the low, S1 K cal/mole, dissociation §
i

onergy of the diatomic chloride., Enhancement, therefore, rosults by shifting

the equilibriua toward the formation of BaOll which, as shown in Appendix I1, .
¥

caits iu the green wavelenyth. Pyrotechnicians prefer BaOl formation over
BaU forwstion bochuse the Bad band spectrum encowpascs many undesirable wave-

lengths, B0 would probably form in grester quantities if the Balli for-

17
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mation werc not promoted by the equilibrium shift caused by the chlorine
addition, As a consequence, if BaOH formation is increased at the cxpense
of BaC, this, in itself, will result in a more desirable or enhanced
color,

3. Halogen enhuncement of strontium is analogous to that
described for bariwn, In both instances, because the pyrotochnic composi-
tions‘ura usuvally saturated with the metal and halogen, a very substantiul
amount of the metal halide will be present in the flame in addition to
the hydroxide, The halide formation with buarium and strontiwn is not
objectionable bescause these moleculos fortunatoly also emit onorgy as
defined by their molecular band spectruw in the desired wavelength,

(b) Alkali Metals

1. The halogen offect with respect to the alkali wetals
is different from that just described for bariws and strontium. Generally,
becauge the desireble ewission from the alkali woetals is the atowmic spectrum
of the neutral atoms, the addition of a halogen will not result in on-
hancemont, The desired emission of the atomic spectrum will be substuntially

roduced because of salt forwation,

2. All the alkali wetals will not bohave ldonticn}ly
because of the stability differences in their hydroxide. Sugdunséoints
out that at 2245°K, LiOH is very stable whereas NaOl is so unstable as to
be effectively absant from the flamo. Among the alkali wetals, the
stability in decreasing order is

Li0H>»Ca0li>RbOH »KOH>Nuvll,

in 4 nawner lim&iur to that used for bariwa and strontium, and using

18
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rubidium as tho example metal, several cowbinations can be expected
Cl + | « OH g=3iCl + Ol

Cl + Rb &=2RbC1

HCL + Rb &2 RbCL + i

O + Rb g2 Rvuil
The equilibrium of the last equation will shift considerably tor different
alkall metals because of the previousiy mentioned stubility diffcrences.
The variation in this equilibrium will effect the quantity of halogen
salt formed., Sodiun will form NaCl with little or no Naoll forwation,
whereas lithiuw will form LiOH and a significant awount of LiCl., In any
ovent, whother it be hydroxide or halide formation, the formation of any
alkali metal compound will reduce the amount of alkali wmetal noutral uatoms
available to radiste their atomic spectrum. Because halides stimulate
alknli metal coupound formation, the halogons must Lo classed as negative
enhancement agonts in flumes containing alkali wetals. In contrast,
halogons are positive enhancement agents in tlames containing the alkaline
varth metals becuuse, under those conditions, the hydroxide und halido
band spectia are proferred over the atomic spectrua,

(¢) Boron
1. When boron iy added to a flume, the green color which

rosults iv due predouinantly to HU;. Sowme BO is probably also torwed which
opits nostly in the blue to wltraviojet, Frowm thermodynamic duta listed in
Appondix 11, it ig concludnd,that.the boron oxiQesluru not only very
likely to form (AFﬂlgh) but also ypry_gtnplu (High dissociation Gnuxgx).

Lxcept for iodine, the boren Halides alsc are identified with high froo

V.
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eneryy of formation and dissociation energy. If the halide band
spectus were predominantiy gréen in nature, the addition of a halide
would be benuficial, On the contyary, however, BF has an undesirable
yellaw system and BBr and BCl emit primarily in near ultraviolet, '
1f, thereforo, @ halogen other than iodine were introduced, a stable
halide would form, This, in turn, would reduce the amount of the oxide
present which was xudiating in the beneficial green wavelengths, ‘lhe
net result would be a shift taward Llue with a negative enhancement
with respect to green,
(&) Thallium

1. The greut bulk of the thulllumlin a tlame is present
us the froo olement, The green flame color is, therefore, due to the
neutral atom atomic spectrum, Oxide und hydroxide formution do not
oceur in the flawe to any appreciable degres. The more cvlectronegative
halogens will forwm reasonably stuble halides in the flame, Thesc can
bo oxpegted to emit band spectra. Thallium fluoride, chloride and
browlde omit in the desp blue to near ultruviolet wavelength, Those
chissfons ure of no particular value for groen flame production, Thus,
when a halogen is introduced, some stable halide forms, This in turn
reduces the amount of thy neutrul atoms which are radiating in the
desived green lines, The not vesult i3 a shift toward blue with o
nogative enhuncoment with raspect to gréan.

{v) Coppor
36

1, The great bulk of the coppor in & tlame is prusent
as the free aton wifh not wors than 10% as Cw, Appendix [ shows an
widesirable band spectryw for Cul in the orango rugion and weuk bands

0
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|
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in the green region. The free copper atoms ewit a weak green line

at sxosi. The composite of these smissions would indicate a weak
polluted grednish color, Contrary to this, copper, when introduced into
a flawe, exhibits a atrong yellowish green color, This is attributed to
Culil molecular emission, Note that Cull formation is recognized even

in the absence of halogons. In limited amounts, this is true also of
burium, strontiws and lithium,

2. During the discussion of the other wetals, thormally
stable salt formation was doscribed us a result of halogen addition,
Appendix Il shows generally low dissociation energies for copper com-
pounds, This accounts for the flame coemposition beiny predewinantly free
copper, When hulogens ave added to u copper flame, the color changes
from green to LIlwe, By the postulates laid down for bariwa and strontium,
the addition of halogen to a copper flame would Lo oxpectod to form the
halide acid causing excess Ol which, in turn, would combine with the notal
to cunhance the color emission by radiating the band spectrum, Because of
the low dissociation energy, the halide sslt would not be expected to
form in large awounts. 7This explanation bessd on thermal considerations
and room temperature theory doey not appear to huld true for copper, This
is obvious because blue color results instead of an enhanced green.

3. NMat appears to be a serious flaw in the argument is,
in fact, support for the theory of chewilumincscence and is readily ox-
plained without deviation from the basic argument. When halogen is added

to a flawe con¥aining copper, a suall amount of the copper hulide salt will

form, A small amount (48 contrasted to large) is forumed because of the low
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disscciation energy. Thus the equilibrium favors dissociation. The
small amount of halide salt formed emits a blue band spectrwn. This
enission dominates that of the CuOd enission which leads to the con-
vlusion that CuOil is probably present in dan extremely small quantity.
As in the case of bariuwn and strontium, the halogen combines with hydrogen
to form the halide acid, thereby causing an OH excess which, in turn,
contributes to formation of more CuOH, Also, as in tho case of barium
and strontium, although more metalhydroxide is formed, the wmetal halide
is formed in even groater amounts. Hecause the strontium and barium
metal halides emit in desirable wavelengths, the net result is a quanti-
tative incremse of emission in desiruble wavelengths, In the case of
copper, however, the increase in CuUH is outweighed by the increase in
copper halide formation, thus resulting in a shift frow CuOl green emission
to blue copper halide emission,
4. Th? preceding discussion was bascd on thermal con-
siderations, Gaydonf)in discussing carbon monoxide flames, suggested a
catalytic effect which should be considered in addition to thermal
passibilities, He stated, YAnother persistent impurity in the spectru
of CO flames is CuCl., These bunds are strongest in the blue and bluc-
green and are degraded to the red, The reason why these bands occur so
readily in CO but not other flames is someothing of a mystery; it is
possible that CuCl acts as a catalyst in the oxidation and reccivc§ 0X~
citation energy from the process',

(£) Metal Hglido Molecule Excitation

1, Dean states that the halide radical will tend to lessen

2l
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the attraction of the electron to tho nucleus and thus render easioer
the excitation process, This feature is of importance particularly
in flames containing barium or strontium. In these flames a major part
of the celor is due to molecular excitation and a significant pertion of
the emitting molecules sre the halide salt, The fact that the excitation
process is made cusior by the halide loads to u net increase in emission,
This increase is also considered to be halide ephancement,
(g) Halogen Selection

1, The color of pyrotechnic flumes is dependent on the
volatile material in the flame. This waterial may be the neutral atom,
a diatomic or polyatomic wolecule or ions., Color then is dependent on
the ubility to keop the matericl volatilized within the flawme. The ability

to keap materia} volatilized within the flame is, among othexr things,

- relatod to lts boiling point and heat of fusion., It is logical to conclude

that, for & flame with‘u given_gnount of energy, the amount of the¢ material

in the flame is a'décreasing funétion of its boiling point., ‘Thus a low

boiling point favors & larger quantity of volatilized matter in the flawe,
| 2.1t has'ulrQndy been estublished that halogens are

added to pyrotechnic colored flare compositions to benefit from their

enhancoment effect., When the maﬁal halide i5 used as an omitter, ii is

desireble to keep it vblgtilized. Since the more electronogative halogens

foru salts with higher boiling points, the electronegativity of the haloe

gen will be relate’ to the quantity of halide salt which a flame can

keep volntilizggf ‘The b;lougﬁ &ldétfonogntivity scale is:

SREREN S+ T
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b The complete elnctronegativity scole of the elements has Leen tabulated
by Puuling. Without considering other factors, iodine would be the .
bost chojce to provide a low boiling material, Sce Appendix Il for a

| | listing of melting and boiling points. Some iodides are, however, un-

/ , stable at the flame temperature. A more electronegative halogen must,

/ ; therefore, be selected, Another important consideration is the band

gpectrum thut the metal hulide will omit, ‘These band spectra are described

in Appendix I, Although, for example, u metal iodide is stable, its

spectrum may not be bencficial to the desired color, In this instance,

a compromise will probsbly result, A more electronegative hulogen with

& higher bolling point will probably be selected in order to obtain a

preferrved spoctrum. The selection of the halogon, therefore, is not 5

an arbifrary matter, Consideration must be given to such factors as

stability, spectrum and boiling point of its salt.

RS FETIN. SO

« 3., Composite tlame spectra for copper, barium and i
strontium are included in Appendix 1. These hypothetical spectra would ? ;'
only oxist if all of the halogens were present in tho flame simultancously. {
Such a condition would have no practical advantage. They were included, ‘ ;
however, to illustrate wavelength shifts which can be expected by halogen
vaviation.

i, Chemiluminescence

N e

(1) Chewiluminescence was discussed briefly in the Spectrum

|
{
o
v$ Ewittor Section, This phsnowonon was also wmentioned in the descrip- |
tion of copper color production, Tho characteristic of C-Type chewi-
{
!

luninescence that iy of purticulur importance is the ubility of
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a swall number of molecules to emit an abnormally large amount of radiation,
The effect is remarkable. BaO has a dissociation energy of 124 X cal/mole
and BaOil 13 estimated to have a dissociation enerpgy (into Ba and Ull) of
less than 60 K cal/mole, Sugdensgased on that data cstimated the ratio

of BaV:iba:BaOH in a typical flame to be roughly 103:1:1073, It, thorefove,
is remarkable that such a small quantity of BaOil will emit such an in-
tense green color. C-Type chomiluminescence is, therefore, suggested,

(2) It is emphasized that C-Type chemilwninescence results Lrom
the formation of an excited moiccule directly in the excited state in
dmounts bearing little or no relation to the ground-state concentrations,
The wolecular emissions are probably due to molecules that have no in-
depondent existence outside the flawe, The phenomenon is not o thermal
type excitation and, therefore, must be considered as a radiation source
in sddition to thermal radiations. The strong strontiuws red, barium green
and copper green colors in a filume have been attributed primarily to
C-Type chomiluminescence of SrOi, Baol and Cuull,

j. Lmission Suppressioﬁ and Intensification

(1) Pyroiechnicians eupirically learned to avold the useo ot
various compounds in color;d flame cowpositions, When used, serious
degenerxation of the color often results,. Emission suppression of alkaline
earth radiations is cuused by oloments7such as aluwninum, boron, chromium,
phosphorus, silicon, iron; beryllium and sulfur. ‘'ho suppression appears
to be bused on the formation of molecular cowpounds with the alkaline

earth metals which are either diftficult to evaporate or difficult to

dissociate, Many of the suppressors possess the ability to form anions

25
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such as the aluminates, borates, phosphates, chromates and sulfates.

This phenomenon i3 one of the reascns why wagnesium is used as a fuel

instead of aluminum and why pyrotechnicians have been unable to color

the flame from standard day-night type phosphorus compositions.
(2) The red burning railroad "fusee" is shown by Ellerano

contain 10% sulfur. Sulfur is described along with other wmaterials as

having desirable properties frow the viowpoint of being slow and cool~

burning. These references to successful commerical use in a colored

flame composition and to its desirable propertics emphasize that an element

or its compound may be used to advantage when tho suppression propbrties

are outweighod by desirable thevmodynamic, chemical and physical propertioes,

When ultimate performance is rvequired, the use of any of the listed

suppressors should be considered very carafully.

9
{3) Although the oxalate anlon is reported to seriously repress

«iE

sodium emission, sodium oxulate is frequently usoed us a sodium donor
in yellow flame formulationy. TFrom a practical standpoint, the
suppression can frequently bo tclovated because of the extremely high
intonsity of the scdium atomic lines, The oxalate ion does not appear to
seriously suppress strontium or barium emission,

(4) Phosphates and sulfates strongly inhibit the emissions of
wost metals although suifate has been reportudl:s an intensifior of
boron emission, The acotate anion is generally considered to be an in-

tensifier, This suggests that tor yellow flawmes, sodiun acetatc may be

better than sodium oxalate, For that matter, some benefits may be

B R MR o U et T TN e g e

realized from using strontium or barium mcotate instoad of their oxalates,
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k. Flame Equilibria

(1) Throughout the discussions, molecule formations, dis-
sociations, ionization and similar events were deseribed by indicating
whether or not the event would take place., Since most of the reactions
in tho flawe are reversible, an equilibrium for cach event must be con~

sldered, Uecause, for example, of incomplete combustion and turbulence,

-l

et g 4,

there is doparture from equilibriuww within the flame.

(2) A quagi-equilibrium is probably established between the
rouctants and reaction products, In addition, therc are temperature
grudients within the flawe which tond to upset established equilibria.
1t would be an advantxzge to describe each occurrence in a flame with an

equilibrium constent. Under given and constant {lame conditions, it

LA Y Wi e e T

would then be possible, for exampleo, to calculate the quantity ol a

reactant or reaction product in the flame, UBecuuse, however, of departure

from equilibriwn, tewperature gradients, turbulenco, incomplete knowiedge
of existing roactions in the flame and other causes of vaviability,
ubsolute statements of quantity were not used to describe events within
the flame,

(3) Whon it was stated that am cvent would or would not
oceur, thu resder must recognize that these judyments are not absolute
with respect ro quantity, In addition, many events were described using
volative quantity descriptions. In wost instances, the ussesswent was
made basod on thermodynamic properties of the wmaterials involved. For
oxample, it was stated that the low, 57 K cal/uwole dissociation encrgy

of wolecular chlorine leads to its absence frowm the flawe. This statomont
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was nowinally equated to 85 K cal/wole,

4, POSTULATES AND SUMMARY

a.

RUTN No. 71

was wado because of the relatively large separation between the 87

K cal/mole dissociation energy and the energy of a 2000°K flame which
If tho dissociation energy of
012 had been e¢ven lower, an oven smaller amount of Clz would form.
Convergsely, the wore the dissocistion ewnergy is larger than the nominal

flame enargy, the more likely it iy that the flame will not dissociate

An ideally formulated pyrotechnic colored flawe composition is

the material, thereby allowing more of the matorial to be present in the

It is in such 8 relative nanner that ouch ovint's occurrence was

one which, when burned, produces combustion products all of which readily

cult radiution in the wavelougth of the dosired color,

omitters of various uvlcments are:

1

Lithium Li
Sodium N;
!' Rubidium kb
Cosium C:
Bariwa BaX, BaOH
" Strontiunm $rX, Sruu
Boron uoz
Thalliwa TI
Copper C; and Gudll green

X = hilogon

28

The preforred

ved
yellow
rod
blue
yreon
red
preen
groen

CuX blue

lonized potassiwe, rubidium and cesium ure useful fonization butfers.
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Yo prepare efficient formulations, pyrotechnics wust be compounded to
form the neutral atoms or molecules in large amounts, ‘To do this, the
approach will vary with the element used to produce the color. Certain
postulates apply which disregard all practical waterial considerations;
such as sonsitivity, stability, hygroscopicity, combustion propertics,
cost and toxicity. Such postulates which apply only to the production
of color in a flame aye:

(1) Formulate the composition so that » maximuwn amount of the
preferred cuitter is produced in the flame as a vapor,

(2) Adjust the {lame operating temperature in relation to the

production of tho maximum smount of excited emitter, 'This requires that

the tewperature be kept low to roduco ionization and that it be Rept high

enough to produce vaporization und oxcitation of pretorred species und
Jdissociation of unwanted molecules.

{3} Use un ionization buffer to «id in ionization suppression.

This is of particulsr advantage when the color is the result of the alkali

or alknline ourth aetals,
(4) ¥or elements whose color depends on the neutral atouw, avoid

tho addition of materials whose elewents can cowbine with the neutral

atowd to form molecules, For the remaining olements, add materials whose

clemwnts will combine to form the preferred molucules,

(5) Formulate to benefit from chewliuminescence and enhancoment

eificts,

(6) Select materials to reduce emission suppression which results

from wany anions and nuserous wotals,

29
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g
: (7) Do not intioduce muterisl which is not essential to the :
production of coloy. This will veduce unwanied emissions and background

radiation,

b, With consideration only to color production, it is concluded

that simultaneous compliante with all the postulates is impossible.

This reason alune wakes compromise mandatory, Whon considerations
reluted to practicality aro introduced, additioual concessions result,
it iy, therofors, foxrtunute for thy author that the purpuse ot this
presentation is to describe only the theory of colored flawe production,

Thus, it is5 not necossary to list fiare formulue which will produce

T colored flames undoxr all cowceivable conditions and in fulfilluent of
all requivemonts. A pettey undevstanding of the chemical end physical

provesses involved in volored flams production will, however, enlble"<, Y

the proparation of compositions in a more rational wanper, 1t was fox

this purpese that the theories and attributes ussociated with colored

flawe productiocs were discussed and enwngrated, S ‘ e

30
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APPLNDIX 1

Contents

a. Spectra Page
Lithiun 4a
Sodium 4a
lotassium "4a
Rubidium Sa
Cesiun Sa
Thalliuw Sa
Barium 6a
Strontium 8a
Boron 1la
Copper lla

b, Chromaticity Data Diagram 13a

Symbols

A w» Wavelength in Angstrous

I = Rolative intensity

cv w Kloctron volts

A = Angstrom

ma » Millimdcyon w 10A

References

a. Dean, J, A,, Flame Photometry, McUraw~liill Book Company, Inc.,
York, 1960

b. Guydon, A, U,, The Spectroscopy of Flawes, John Wiley and Sons,

lnc,, New York, 1957

¢. Gilbert, P, V., Flawe Spectva of the Elewents, Uulletin 753-A,

Beckman Instruments, Inc., Fullerton, Calitoraia, 196l
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d. Harrisom, G. K,, Magsachusetts Institute of Technologpy
Wavelength Tables, John Wiley and Sons, Inc., New York, Iv56
e, Vauling, L., The Nature of the Chemical Bond, Cornell
University Press, Ithaca, New York, 1960
f. Pearse, R, W. B. and Gaydon, A, G., The ldentification of
Molecular Spectfu, John Wiley and Sons, Inc,, New York, 1963
4, Discussion of Contents
a, The stomic and lonic spectra wore selectoed trom the MIT wave-
length Tables. The elemontul ionization potentiuls were calculated
from the encergles listed in Table 2-5 from Pauling., The electron volt,
ev, oentry listed with the atowic and ionic spoctra is the excitation
potential or enerpy required to excite that particular line, These
energy levels were selected tfrom the MIT Vables., ‘'Lhe band spoctya were
collected trom Pearse, Dean, Gaydon and Gilbert, Data concerning
continuum ware selected from Gaydon aud Doan,
L., The intengities, 1, are eye estimates based on a ycale of 10
for the stromgust line or band in the systew. Bocause the values wero
¢ollectod from several sources, tho values are very unreliable and should
not be used for any quantitative purposes. For that matter, they are aeven
unreliable for qualitutive purposes,
¢, Composite flame spoctra were prepared for barium, strontium and
copper, Fluwes will probably nover correspond to those cowposives since
all halogens will undoubtudly never be prosent in one pyrotechnic composi-
tion, The intformation was, however, collected into its composite tform

so that by viewlng one page, the reader can visuallze the locacion of

various wolocules with respect to the wavelength and color which they
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emit and in relation to one another. These composite spectra do not
include continuuw or band emissions from molocular and free radical
products of combustion from ovganic compounds.

d. All emissions for a specific element or molecule are not

listed iu this colleéction. Only the moxe intense and persistent lines

ind bands have been mentioned, For example, 175 lines are listed for
sodium in the MIT Wavelength Tables whereas only six are listed hercin,

For extensive listings of emission data, the MIT Wavelength Tables and

‘l similar documents must be consulted.
r, A Chromaticity Data diagram which relates wavelength to color

vas included to ald the reader to visuvalize the color in relation to

i various radiation wavelengths.
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1.

1,

1.

Lilemental bLithium

Atomic Spectrum

A £V
6707.8 1.8
6103.6 3,9
4603.0 4.5
3232.6 3.8

I
10
5
4
3

Llemental Sodium

Atomi¢ Spectrum

A 3
5895.,9 2.1
5889.9 2.1
56B8,2 4.3
5682,7 4.3
3303.0 3.7
3302.3 3.7

pE1 1 C WO

Llemental Potassium

Cc ol

Atomic Spectium
Ao e
7699,0 1.6
7664,9 1.0
4047.2 3.0
4044,1 3.1

v

RDIN No. 71

LITHIUM

Ionization Potentiul 5.39 ev

jlonic Spectrum
(Nene Located)

Continuum 460 to 320 mp

SOLIUM

jonization Potential 5.14 ev

ITonic Spectrun
{None Located)

Continuum 602 to 360 wu

PUTASS IUM
lonization Potontial 4,34 ¢v
Ionic Spectrum
(Nono Located)

Continuwn 570 to 340 mu

d4a

o —————— e e
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RDTN No., 71 1

RUBIDIUM 1

1. Llemental Rubidium lonization l'otential 4,18 v ‘
Atomic Speetrum : |

A [ Tonic Spectrum -
7947.6 1.6 10 (None Located) |-
7800,2 1.6 10 |
6298,6 ~=- 5 g
4215.6 2.9 8 _
4201.9 2.9 8 v

Lo
CLS1UM % v
1, Llemental Cesium fonization Potcontial 3.89 ev !
Atomic Specirum ‘

A ev L lonic Spectruu )
8945.5 1,4 10 (None Locatcd) 1
8521.1 1.4 10 ;
4593.2 2.7 7 i
4555.4 2.7 8 t

b
THALLIUM :
i. i
1. Llemental Thallium Jonization Potential 6,11 ev . "
Atomic Spectruil % at

A . P L
5350,5 3.3 10 % ¥
3775.7 3.3 9 ; :1}
3519,2 4,5 7 ! |
3229,8 4.8 ‘ |
2918.3 5.2 2 1 |
27679 4.5 2 |

; |
L |
|
N {
Sa
i IO AL ML




1., Llemental Barium

Atomic Spectrum

A ooev L
5777.7 3.8 9
5535.6 2.2 10
5519.,1 3.8 &6
5424.6 3.8 1
30716 4,0 1

2. BaOH Band Spectrum

BARIUM

RDTN No. 71

lonic Spectrum

Greon bands, maxima 487, 512, 515 and 527 my

3. Ba0 Band Spectrum

A
7097.4
6782.8
6493.1
6291.0
6224,7
6les5.1
6102.3

[Tl - R R -l £

4, Baprium Oxide (emitter species uncertain)
Band groups at 4800, 5020 and 5500 A.

A
6039.6
5976.3
5884.5
5805.1
5701,0
5644.1
5492.7

—t
=0 . = R T §

-

main bands at 5445-5452 und 5482-54388.

frowm 4730 to 4855 and from 5007 to 5018,

S. BaBr Band Spectrum
A
5415.9
5360,1
5305.5

6. BaCl) Hand Spectru

s y . Yo

&!H

o

5260.6
5208, 2
5156,4

A
5139.2}
5136 )
5066

A
5346 .7
5214,7
5086.7
4965, 4
4850,6
4680,3

v ale

L

10
1

lonization Potential 5.21 cv

" Ok O 3 @

The 5500 group shows two
Band heads have been observed

S
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7. bBa¥ Band Spectyum

Green Systenm

A 1
5000.,0 8
4992,1 5
4950,8 10
Extreme Red System
A L A 1
7436.,8 7 6958.7 ©
7142,0 10 0Y35.1 ¢
7119,2 10
8, Bal Band Spectrum
A 1
5608.5 10
5381,7 7
5260 -
5160 -
h i; 9. Bariuwm Composite Flame Spectrum
{
t A I Species A 1 Species Y I Species
$~ 7430.8 7 THal 5644.1 9 "lu"aﬁ"" 5208.2 10 "'!s"ua"r—"
7142.0 10  baF 5609.%5 10  Bal 5167 2 BaCl
! ﬁ; 7119.2 10  Bal 553%5.6 lU0  Ba 5160 - Bal
i 7097.4 § Bad 5519.1 2 8a 5156.4 5  Babr
| i 6958.7 6  Bab 5492.7 10 Ba0 5150 - BaO ;
f ¢ 6935.1 6  BaF 5424.6 1 Ba 5139.2} 10 pacl f
0782.8 & Bao 5415.9 4 Babr 5136 i
64u3.1 9  Bad 5381,7 7 bal 5120 - Baoi %
. R 6291.0 & Bao 5360,1 10  babr 5086.7 © Bao !
) 6224.7 G Bao 5349,7 & 8a0 5068 1 BaCl ]
‘ 6165.1 6 Bao 5320.8 3 BaCl £000,6 8  BaF H
6102.4 5 Bao 5305.5 G Uabr 4992.1 5  Bab .
0039.6 9  Bad 5270 «  badu 4J65,4 3 bBay |
5976,3 3 Bao 5260.6 4  Babrx 4950,8 10  Bar )
5864,5 10 Ba0 5260 « Bal 4934.1 4 bat ¢
5805,1 6  Bav 5240,5 1 BaCl 4870 «  Baui :
§777.7 5 ba 5214.,7 7 sal 4850.6 o  BaO !
5701,0 B Bad 5213 1 BaCl 4080.3 5 Bal !
4554.0 10 wa® {
3
1




1.

2.

b,

Elemental Strontium

Atomic Spectrum

A S
4962,3 4.3 3
4872.5 4.3 2
4832.1 4.3 5
4607.3 2.7 10

SrBr Band Spectrum
A1

666,710

0513.0 10

5tCl Band Spectrum

A 1
6755.6 3
6744.7 5
0619.9 5
0613.7 10

srit Band Spoctrum
A 1

6655.6 7

L632.7 10

6527.6 7

0512,0 10

Srl Band Spectrun
A 1

70940 7

7011.0 10

6830,2 10

0847.,7 10

SrOH Band Spoectrun
)
6820
6675

6590
6460

SryU, Band Spectrum
A

5950
5969

RLTN No, 71

STRONTIUM

lonization Potential 5,69 ev

Ionic Spectrum

(Has a wcak violet system)

A

0419,0} 7
6394,7)
5306.1} ¢
6283,1}

A
6114.2
6111.8
6109.8
6107.9
6107,5
6105,2

A ooy 1
4305,5 1l1.6 0.4
4215.5 8.6 3
4077.7 8.7 4
3474.9 12,2 0.8
3464.6 12,2 2
3380,7 12.2 1.5

Aol
p482.9 4
0362.4 5
6358,7 10
6259,3 2

A
57795
5772.0

5622 to 5670

Ao

0767,8 10

6691.5 8

6662,5 8

6177.3 4
A X
6109.6 T
8101,1 3
6095.9 4
608Y.Y 6
6084,7 10
6076.6 8

6050  Strong

ST Tt Ay a3 R
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=
8. Strontiuwm Composite Flame Spectrum o
) I Species ) 1 Species A 1 Species :
7093,0 T ‘2§¥T‘” 6527.6 7 T SrF 6107, T T Sr0il .
011,010 Srl 6513,0 10 Srir 0107,5 - Se0l ;
0930,2 10 Srl 6512,0 10 Sr¥ 6105,2 - SrOt
0847.7 10 Srl 6482.9 4 5rCl 60Y5.9 4 STOH
| 6820 - S0H 460 - seOli 60089.9 6 Sroli
. 6767.8 10 Srl 6419,0} 8 Se¥ 6084.7 1 $10l
y 60755.6 3 srCl 6394,7} 6076.6 4 Srld
‘ 6744,7 5 srcl 6362.4 5 SrCl 6050 - 570l ‘
66Y91.5 8 Sri 6358,7 10 SrCl §779.5 - 3r¥ !
6678 - srull 6306,1} " SpE 5772.0 - Sr¥
666,710 Srir 6283.1} 5622] . StF
0662.3 8 srl 6239.3 2 srCl 5670) _
0655,6 7 Sr¥ 6177.3 4 Srl 4962.3 3 ST )
0632.7 10 STF 6114,2 = SrOH 4872.5 2 St :
0619,9 5 SrCl 6111.8 = SroH 4832,1 5 st ;
- 6613,7 10 §1Cl 6109.8 « Srutl 40U7.3 10 5r _
N 0590 - Srul 610,06 1 SrUH ;

AR A W D b T3 T
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: BORON
1. Elemental Boron lonization Potential 8,29 ¢v
Atomic Spectruu fonic Spectrum
Aoy 1 A o L
2497.7 4.9 S 3451,4 20,9 0,05
2496,8 4.9 4

2. B¥ (may be BF, or BFy) Band Spectiun

Yellow System

- .

A X A Aol
5993.8 8 s822.1 1T 5803,8 ©
5084,4 © 815,18 5604,0 6
5825,7 7 5807.3 ©
blue Groen Systom
AL AL AL
5470.8 © 5456,8 8§ 4461.4 G
5460.1 4 4464,y 8 4443.5 6
3. BOp Band Spectrua
: o ‘ A 1 A L A 1
0200 ¥ 5450 9 4710 %
o030 7 5180 8 4520 1
5800 7 4930 Y
10a
) v T y
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2.

KR

4,

5.

COPPLNR
klemental Copper

Atonic Spectrum

A oowy L
5220,1 ~~- 4
5218.2 6,2 5
5153.2 0.2 4
5105,5 3.8 4
32740 3.8 9
3247.5 3.8 0
Culir Band Spectruw

Ao ) A1
5032.2 ¥ 4883.4 1
4954,7 4 4879,3 8
CuCl Band Spectyua

A I A 1
5202,3 & 4881, 3
5152 3 4840, 3
4982.,2 2 A788,5 2
4v46.1 1 - 4758,7 1

Additionul bands toward the ultraviolet,

Cul Band Spectrus

AL Ao )
5444,1 3 5312.4 T
5477, 4 $297.5 6
5461,% 3 5283.8 4
$402.,2 5 5241,0 3
5486.,5 © 5226,1 5
5371.5 5 5212.2 7
5357.4 3 5155.8 3
5328.5 3 5141,1 7

lonic Spectrum

A

RDTN No.

lonization lotential 7,73 v

£y

2247,0 15,9
2iv2.3 1022

2130.0

A
4810, 4
4341.1
4288.0

2
4515.9
4433.8
4353,9
4280,9

A
5117.3
5101.9
S072.8
5034,0
5019,7
4v83.9
4968, 3
49191

Additional bands exist toward the ultraviolet,

Cu0 Band Spectium

Urango Region

A ! A 1
0547 - 6376,9 7
uS 30 - 294,80 5
6493,4 1 6280,9 1
0d430,0 3 6165 9
400,45 ©vl46.8 8

Grown Hegion: Lavgoe nuwuber of week binds, including a little
, and hoads at 5344, 5313,

group of hesds bDetwegn SI37 und 5228
5308, 5279 and 5274 A, LEwitter uncertain,

11a

A
6059, 3
6045,1
5847.0
5832.7
5827,7

lo.2

WU & R C L e

R SRR ot

ek S

PRELE L P

Ly




ROTN No, 71

G AR L

6, CuOl Band Spectru

e

Strong diffuse band in green &t S350 to 5550 A and a wea'
band in the orange-red at 6150 to 6250 X, Wide bands h:
also been reported at 505 wy and 524 nu,

7. Cuf Bund Spectrun (

A 1 A I A 1
56943 & 5086.4 7 4932,0 F }
5685.7 6 5061.1 7 4926.8 6 |
5677.2 5 5052.3 6 4901,3 &

47819 4 t l

8. Cull Band Systom at 4250 A, : ‘
']

9, Copper Composite Persistent Flamwe Spectrum i '
L]

A I Specics A 1 Spceies A ! Specics
6400,4 T "LC’.uT" 5312,4 § 'P‘E‘.ux 5052,3 ©  Cuf
6294,0 S5 Cw 5308 - Cw 5050 - CuOH
6150} S283.8 4 Cul 4983.9 4 (ul
61615 9  Cuw 5279 - Cw 4968,3 5  Cul
6l46,8 8 Cw 5274 - Cuo 4954,7 4 Cubry
6059,3 10 Cw 5262.3 6 Cutl 4932,0 8  Cu¥
6045.1 9 Cuw 5240 - Cubll 4926,8 6  CuF
5694,3 6  Cuk 5237} - Cuo 4901.3 5  Cul
5085.7 6  Cu¥ 5228} 4883,4 4 Cubr
5077.2 5  Cu¥ 5226,1 5  Cul 4881,5 4 CuCl
5550} il 5220,] 4 Cu 4879.3 8  Cubr
s3s0) - W 5218.2 4  Cu 47819 4  Cu¥
5477,1 4 Cul 5212,2 7 Cul 4515,9 5 CuCl
5402,2 S  Cul 5153.2 4 Cu 4433,8 v CuCl
5486,5 6  Cul 5141.1 7  cCul 4353,9 10 CuCl
§370,5 5  Cul 5105.5 4 Co 4341.1 10 Cubr
5344 ~  Cud 5072,8 10 Cul 4288,6 7  Cubr
5313 - Cuw 506l,1 7  Cub 4280.9 ¢ CuCl

4280.0 -  Cul




: -~ -
B ' : ¢
] .
' - Ne,
1~ Napouossstewesr- CHROMATICITY  DATA RKDTN Ne 71
.: ~—
0.900-1 -— —= { = e =]
1] U
-._...,...“!6.._. . [RSTUR W WPV SR SN ORI SIVOUN— — el = - -
Qv %.g{
806 ety oo s s
X\ul .
— - .1 1 VNS [DUSURDI INSRRUNEIOY SNSRI EPUURINURY S, e -
\ \ 4% H
: 100 o - R IR TR Bt o eimn s RIRE P
| Wiy SR I U W 53 S
. ’
j }7/ ey
4
13 .Gou, s -« - e ——— e PRRRNPEOIN SN P e - e D e s T Sy
: i | GHEEN \  vectowisk Y
LY R e B — et SR SN PRI NS S
& BT ;
| 00 S0 (NSO O SO U
! Ly
| %13 4 Y LROWIGH ORANGE
1 IR S
e ] ‘
...... U A R I A L do ¥
wLuL; 7 ) ILLUMINANT ‘¢ 1 o, |
. ©
ﬁ.uf}_ ] — _.ﬂunug._;k - o :
4 Al
ahy
Okt — 'um'u&b_\... /'vuumsn\“* A ___1@".:1-.9.. {
BLUL PINK “LD //
e W vl B N P B N
HED / 1 i
PURPLE

HeLDIgH R | . [ . R R
PORRLL /

u"‘?ﬁw—w- Sy - — ey v man 2R I B SR T o S o an 2 o G ank el 4 atdle on oo [ aed o Shege

o«
{00 200 SO0 400 B0V [41] 700 oo

13a




halt

L
o

ol

gy e g,

.“.‘

e

1.

2,

?

P
e N

APPENDLX 11

Contents

b, Thersodynamic and Physical Properties

Carbon, Hydrogen and Gases
Lithiwa

Sodiwm

Potussiua

Rubidiwa

Cosium

Strontium

Bariwn
" Boron

Thallium

Copper

Symboly N

g = Gus Stato

1 » Liquid state

¢ = LCrystulline state

°k = Dogrees Kelvin

d = Jecomposes

Mllf w Heat of formation '

AF = liroe energy of formation

D « Bisyoclution energy
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CARHON, HYDROGEN & GASLS

free Energy)
0f Formatien
{K cel/mole)

Heat of Formation
(K cal/mole)

RUTN Ne,

Species 2000%K
150 -32.4
0 '.'2&16
“P *6702
HC1 «25.5
HBr
144
¥
3,

Br;

12 ,
N

02

cb -68.4
CQz "94.7

All gas state.

0K 208,15°K
~57.1 «57.8
0 0,
10,0 +9.3Y
-64,2 «65,17
-22,0 2401
«8,6%
+6.7F +6.27
0 0
0 0
0 Q
0 0
0 0
0 0
"27.2 "26-4
44,0 -94, 1

71

Dissociation
Energy

(K cal/wole)
0%k 298,15°K
219.3 221.5
103.2 104.2
100.6 101,606
134.2 134,6
102.2 103.1
86,48
70,48 .
36,7 36.7
57.1 57.9
45,48
35.68
Z25.0 225,9
lig.0 119.1
256,2 257, 3

384.5

381.9

References: Wilkins except as noted by superscript,
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RDTN No, 71

‘g LITHIUM L
k. Free Energyl Heat Dissociation
? Of Rormation Of Formation Lnergy Boiling Melting '
[ (K cal/mole) (K cal/mole) (K cal/uole) Point Point g
Species State  2000°K 298.15°K 0°F, °K o :
Li . 16387 454) ;
Ligo ¢ -64.2 ~142,67 276 1o 7
AF changes sign tfrom - to + at 3000°K "
Lio0 g «37.1 170 pTTIL ,
Lifl ¢ +23.,0 ~27.73 o ‘ 959,07
AF changes sign £rom - to + at 1200°K,
Lid 1 +15,6 «15,1 1245/
4F changes sign from - to + at 1300°K
Lill g +10,7 . 32,19, 56 (58%) ; | .
LiOH P <37,6 -116§63 263 744 ~ P
‘ -102 &
Lo 1 46,6 114,13 ~ ~aso! | o
. AF changes sign from - to + at 3100°K y
Liuid 8 «50.0 -57,77 215 1 i
Ll @ «93.9 -140 202 121 } \
, -140% 1378 . L
LiF 1 -98,5 1409, 1966° g
LiF g -98,0 -80.57 80.7 . ?
LiCl c «50.1 .97.33 1158 R F T P
~116%, : .
LiCl 1 «55,1  -93,4) 1655 ‘
AF¥ chunges from - to * at 3700°K '
Lic1 g =62.8 43,8) , . l
Libr ¢ -83,7% 100¥ . sz3t !
Livy g 41 15837 ’
Lil ¢ C-64.8° | sib 722" , 5
Lil g -16% ~ 1444% !
Rofexences: Wilkins except as noted by superseript, ;
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RUTN No, 71

e b

SODLUM
Frec Unergy? licat Pissociation o
Of Vormation Of Foxmation finergy Boiling Melting
(K cal/mole} (K cal/mole) (k cal/mole) Point Point
Species State 2000°K 298, 15°K 0°K °K °K
Na 177 371
NaQ c -01.9 d373m :
N3282 c -120.6 d 738 i
Na 0 ¢ -1.67 -99.4, »1623" 1190
Nay0 1 -8.60 «93,2) '
AF changos sign from - to + at 2200°K , :
Nali c -13,57 478 47007 f
+21.) at 1500°K, AF changes sign fyom « to + at 700°K |
Nall B +19.4 +29,8
NaOH o =216 -102 593 ,
-835 !
NuoH 1 «24.9 -1007 ~1450 X
AF changes sign from - to + at 2000°K i
Naoit 8 ~38.0 «56.4 $
NaF ¢ 72,7 136 1078 1285 ;
-122% . 1268™ {
Nak 1 -77.2 .13 21007 Y
Nal 8 -73.2 <677 ,
NuCl ¢ 41,1 98,2 97,0k 1081
' T I 077"
NaCl 1 -46.8 -93,27 1790
8F chunges sign from - to + at 3700°K
NaCl g -52.0 -43.5 . 1738
Nabr c -86 87,5% 1020
NaBy g -36 1665 ;
Nal c 69 70,66 935
Naf g -21 1577

Keferonces: Rossini except as noted by superscript.
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RDTN No, 71

POTASSIUM
Free EnorgyJ lieat bissociation
Of Formation Of Formation knergy Boiling Melting .
(K cal/mole) (K cal/mole) (K cal/moic) Point  loint ‘
Specles State  2000°K 798, 15°K 0°K °K °K f
K 10395% 330 |
Kzu C =86.4 sublimes 1154 .
@ 600 mn Sl
K,0, ¢ ~118 d1os2™ - 763 o
K303 c «125 doa® 705 {
N0 ¢ -134 , aga3™ 053" |
KL c -13,8 42,98 d6907
+23.6 at 1500°K. A&F changes sign trom - to + at 700°A
ki J +21.7 +29.4
Kol ¢ -101.8 gy’
«86° j ;
Kol 1 -25.9 ~8.7 ) 1600 ’
K¥ ¢ -134,5 1158 1775 1129 ‘
X «126% :
’ KC1 B «51.0 ] 1680 i
_ KCL e <104,2 101.4% 1043™ ;
o ~100%
; Kix c “93.7 90,08 1656 o™
Kl < -78.3 76.4% 1597 Y58

Ca——

Reforonces: Rossini oxcept as woted by superscript.




RDIN No, 71

RUBIDLUM
Heat Dissociation
Of Yormation Energy Boiling Melting
(K cal/mole) (K cal/mole) Point Point
Specios State 208,15°K 0°k *X °K
Rb 974%% 312
Rb,0 ¢ =78.Y
Rby0; ¢ =10L.7 di1284®  y43m
Rbp0y e -116.7 diid 7627
Rb,03 ¢ -126,2 d143u 6B8S
Rbii g 33 398
RbOU c «98,9 574
-88° '
RbF ¢ «131.3 1238 1681 1048
<1248 '
RbC1 ¢ =102,9 L 1654 990
‘ -104%
Rbér ¢ -93,0 y2t 1625 953
RbI ¢ «78.5 77% 1577 913
Reforonces: Rossini oxeept ds noted by superscript,
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RUDTN No,
CLSIuM
Heat Dissociation
Of Formation Lnoergy boiling Melting
(K cal/mole) (K cal/mole) Point Point
Species State  298,15°K 0K oK °K
Cs 1 958t  3p2st
Cs0, ¢ 96.2 d1347  se™
Cs503 c -111,2 4133z g™
Csz04 ¢ -124,2 dissg™  705M
Csil 8 *29 418
Csuld c -97,2 545
«y)8
Cst ¢ -126,9 1278 1524" 955
-128%
CsCl ¢ ~103,5 1066 1573 918
-105%
Csbr c -94.3 gt 1573 909
csl c -80.5 7o 1573 894
Reforences: Rossini excopt us notod by superscript.
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ﬁ RDTN No. 71
STRONTIUM
2 Heat Lissociation
5 Of Pormation Lnergy Boiling Melting
; (K cal/mole) (K cal/mole) Point Point
5 Spocies State  298.15°K 0°K X K
o Sr X 1540%% 1043
Sr0 ¢ -1l 106% 3273% 2688
St c «153
Sr 8 c «154
st P *52 388
Sril < ~42
Sr(&H)z c «229
SzF g -5 628
SyF ¢ =290 1673
s$xC g *0 586
SrCl2 ¢ -198 1148
Stir ¢ -171 916
sxly € =18 788
Srl 468
References: Rossini except as noted by suporscript,
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RDTN No., 71

BARILUM
Hoat Dissociation
Of Formation Energy Boiling Melting
(X cal/wole) (K cal/wole) Point Point
$pocies State  298.15°K 0K °K *K
Ba 19108t  gg33t
Bao c ~133 1248 2273 2190
Bao c =150
Ba ¢ ~147
Baf 8 *52 ¢18
Ball c ~41
uacaujz ¢ «226 681
Bar g 9 69¥
BaF c «287 1673% 1593
BaC g +24
BaCl < «111 5148
BaCl, ¢ =205 1235
Babx, ¢ -180 1123
Bal, I\ =144 1013

References: Rossini except as noted Ly superscript.
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! RUTN No, 71 A
f BORON X
Frao Enorgyj Heat Dissociation ;
Of Foruation Of Formation Enexrgy Boiling !
(K cal/wole) (K cal/wole) (K cal/wmole} Point : |
Species State __ 2000°K 298.15°K K °K ;
. . (!
B (23137 melting point) 3949,9) = ’
. AF clisnges sign from + go - at 200°K % }
CIV) PR -119.8 -110.8 491 Not Isolated” ¥
4F changes sign from - to + at SBLO°K : E
805 ¢ -188.6 -308 74y { 723%% i g
wolting point i
B0y 1 -1840 -3013 25206 :
AY changes sign from - to + at 4B80C°K
50y M «177.5 -208 652 E
nﬁ g +59,7 +1067 68 (69k) g
Bl M 41,0 +66., 0 3
Bliy g +33,3 +15 3 270 K
B¥ 'y «87.4 «45,5 196 :
By ¥ -149 -134) 327 ;
BF3 £ -240 -27¢ 458 1747 P
8Ci g -1,5 +42,5 118¥ }
AF changes sign from + ,to -~ at 2000°K '
BCl, g 39,1 -20,77 :
BCly g =726 -47.1) 285,67 i
AF changes sign from - to + at 4900°K ,
BBr 2 +«25% 'y L LR
Bbry 1 ~57,93 3644 |
~32.5 at 1500k ¥
bor, g -37.2 -49,73 g
&F changes sign from -, to + at 4200°K :
Bl " +15,0 +15,0 3
. batween 298°K mmd 6000°K, AF is negative only 3
in 400°K to 600°K range. In that rangse it .
roaches maximus negative -1,684. :
BN [ ~18.5 «60,3 300 ]
AF chunges siygn from - to + at 2900°K
B g +154 92.5(92%) l
Ruferences: Wilking except as noted by superscript. !



RDTN No.
THALLIUM
Heat Lissociation
Of Formation Enexgy Boiling Melting
(K cal/mole) (K cul/mole) Point Point
Species State _ 298,15°K 0K °K °K
Tl 17405% 5775t
'1‘120 < -41.9 773 573
11204 . -0 €1073% 990
TiH g +48 468
110t < 56,9
TL(OH)g ¢ -122
TIF P -33 lov¥ 923 600
TICl g -16 1079 "
T1C1 ¢ -49 7% 703
TlCla c -8309
Tibr 8 =5 1089
Tibr c -41 748 732"
Tlbry c =59
Til g +7 1098
Tl e «30 60% 7™
Keferencoes: Hossini except as noted by superscript.
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RDIN No, 71
COPPLER
Hoat Lissoclation
Of Formation Enoxgy loiling Multing
(K cal/mole) (K cal/mole) Point Point
Species Statc  298.15°K *K °K *K
Cu 2855 1350
Cud g +35
Cud ¢ «37.1 1138 a2800%  133™
Cu,0 < «39.8 42073% 1502
C 3 71 028
Cuaty ; < =107
Cult ¢ 44 09® sublimes 1473 11817
Cul < =127 d773 to Ccut®
cact g 32
cucl & -32 g8 1227%) 703
2
» 1327
Cucl, c -49 d 7718
Cubr ¥ «38 , "
Cubr. ¢ .25 74& (1134 761
i
1227 u
Cuurz ¢ 33 d 771
Cul " *62 '
Cul ¢ -16 4u¥ 1032%) g6l
£
1045 "
CuIz ¢ -1.7 Solid not isolated

Rofoconces: Rossinl except us noted by superscript, -
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AP 1 PP

B.S, Maval Amgniticn Depot, Crane, Indiana
{2DTN %. 71)

TTEORY CF COLORFD FLAME PRCDUCTION

Bernard E, Douda, 20 March 1664

33 p o oappendix 1 & 11 Unclassifiad

The thecries and attributes sssociated with
colored flame producticn are presented,
Yariability of emitrers, emissions and color
with flame teazperatur» is discussed in

. re‘ation o thermodynarde properties of the
" resctants and combistion prodacts.

8.8, Naval Amwnition Depot, Crane, Indiana
(FOTX %, T1) :

TISCRY OF COLORED FLAME IRODOCTION

Berrard 2, Douda, 20 Harch 155&

23 p & appendixn 1 & 11 Unclassified

The thecTies and sttributes assceiated with
colored flame production are presented,
Variatility of enitters, c»issicns and color

- with flame temperaturs is discugsed in

relzticn to thermodynardie properties of ths
resctarts and comtustion products,

1. Flzmes, Colored
2, Fiare, Colored
3. Zmissiors
4., Exftters
5, Specrtra, flane

I, Ti-le
i1, 2078 B, 71
111, OSovda, 2.2,

1. fiz=es, Colcrad
2, Flere, Telcred
3. Zxdssions
4. ZImitrers
S, Spectrz, flars

1, Titl=
11, a97¥ “a, 71
111, Seuda, 3,3,

U.5, Revsl amcunition Depot, Crane, Indisna
(EDTN %o, T1)

TILCRY OF COLGRED FLANE PROGTCTION

Bernsrd Z, Douds, 20 Farch 1564

233 p & apperdix I & 1Y Toclasaitied

The thzcries and attrilutes sssocisted with
tolored flane production are prese-tad,
Varfadlity of emirters, amissions and color
with flsme tesperatur= {s disciased in
Te'arion %o thermodyncede propertics of the
rszctarts and comtustisa procusts,

2,5, Xaval Aamniticon Sepot, Crane, Indizna
{ZDTX 3o, 71)

TUZRY OF COLCRED FLAME ZRODDCTION

Barnard Z, Togda, 20 March 1354

33 p & appendizx 1 5 1T Tnclassified

Tre thesTies and attritutes assoclated with
colored flace srodaction are presentsd,
Vatrisbility of emitters, emigsions and caler
with flame texperature is discuzsed in
reiztion to rhormedyromic proparties of the
razsctants and costustion produsts,

1. TFizzes, Colored
2, Flare, Colorad
3. IHEsrions
4. Titters
5. Spectrs, flzne

1, Tigle
11, RIT™® 0. 7i
111, Tozda, B.3,

*
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U,8, Naval smmunition Depot, Crane, Indiana
(RU'TH No, 71)

THEARY OF COLORED FLAML PRODUCTION

Bernard I, Douda, 20 March 1964

33 p & appendix T & TI Unclaseif ied

The theories and attributes associatoed with
caloved flawme production are preseated,
Variability of umitters, emissions and color
with flame tempornture is discussad in
ralntion to thoermodynamie proparties of the
vesctants and combustion products,

1,

.

(VP L A V]
.

[
11,
ITI.

Flumes, Colorved
Flare, Colored
Emigsions
lwltters
Spectra, flane

Title

RDTN No, 71
Douda, B,E,
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