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FORKWORD

This report summariges and describes the work done on
Contract NO0LOL=69-C-0030 during the period from 1 August, 1968
to 1 April, 1Y70.

During this tlmme many good discussions of the problems
studied have been held with Mr. B. E. Douda of the U.S5. Naval
Amnunition Depot, Crene, Indiana. Thanks are due Mrs. Jeanne
Tucker and Mrs. Bernice Bender, Computer Services Division, En-
vironmental 3cience Services Adminjistration, Research Lsaboratory
for their help in the reduction of the data. Mr. Donald Dubbert
and Mr, Marshall Pua.’ier of the Blectronics Division, Denver Research
Institute, were instrumental in establishing the foundation for the
data reduction procedures which wvere fiusmlired at ESSA, while
Mr, George Crater and Mr, Ole Thompscn have contributed greatly to
the successful coumpletion of the experimental work.
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I. ABSTRACT

This report summarizes and describes an extensive spectroradiometric
study of the radiation produced in the 0,43 micron - 1.17 micron region
by flames resulting from the combustion of magnesium with the alkali
and alkaline earth nitrates and with sodium perchlorate at an ambient
air pressure of 630 torr. Both fuel rich and stoichiometric compositions
were studied.

Additional studies were made of the influence of the ambient air
pressure on the combustion of a 57% Mg, 38% NaN03, 5% Laminac composition
at ambient air pressures ranging from 760 torr to 1 torr to determine
quantitatively the decline in output.

It has been shown that 1) burning rate, radiance and luminance
decrease exponentially as the ambient pressure is decreased, and
quantitative expressions are derived for these changes, 2) the ratio of
visible to total radiation increases as the pressure decreases, 3) sodium
perchlorate compositions radiate considerably more in the region
0.8-1.17 micron than sodium nitrate compositions, 4) a central zone
of the flame radiates more energy from stoichiometric compocitions than
from fuel rich compositions, 5) flame temperatures camputed from the
spectra agree with the theoretical predictions within experimental
error, 6) reasonable emissivity value in the region of the D lines
can be estimated, 7) the energy radiated inua particular spectral region

can be maximized by a proper choice of the oxidizer cation.




LI, INTRODUCTION

Beginning in 1964 a series of studies (1-5) were initiated to investi-
gate in considerable detail the processes occurring in the flames produced
during the combustion of solid pyrotechnic fuel-cxidizer compositions. As
information was gained, the methods of investigation and the analysis of
the data become more quantitative and the subjects more specific. The
present report is believed to represent a culmination of the first phase
of these studies and should be of help to all concerned with the development
of pyrotechnic systems.

This study was undertaken to determine quantitatively how the energy
radiated between 0.43 micron and 1.17 micron from certain pyrotechnic flames
is distributed under normal and reduced ambient air pressure. The composi-
tions studied were those employing materials which have been useful in the
manufacture of pyrotechnics and which are readily available on the commercial
market. The spectral region studled includes the visible and the near
infrared, in order to provide data on the radiation from the alkali elements'
resonance lines. It happens that this region also includes the range of
wavelengths to which several types of electronic sensors or aids to vision
respond strongly. The data are therefore useful not only for the design
of illuminating and signalling flares for visual use, but also for those
which prévide near-infrared illumination. Because the spectroradiometric
data are quantitative rather than relative, it is possible to compare the
results obtained from stcichiometric compositions with those from fuel-rich
compositions and conclude which of these is to be preferred. Also, the

reason for the superiority of sodium as a component of visual illuminating




flares has been confirmed by putting its performance in a quantitative
relation to other materials, such as barium, under strictly comparable
conditions of measurement.

Because of the ease with which data can be treated once they have been
introduced into a computer, it has been possible to provide a number of
results that will be of value to the pyrotechnist. These include colori-
metric data and tables enabling the calculation of the radiation between
any two wavelengths in the tabulated range.

Caution is essential to avoid being misled when the data on candle
seconds per gram, intensity, etc., in this report are compared with values
reported in the pyrotechnic literature. Generally speaking, these latter
data are obtained under conditions that produce values whick represent
radiation from entire flame, and in the case of sodium-based illuminant
compositions burning at sea level are of the order of 15,000-50,000 candlec-
power seconds per gram. The values of roughly LOO cd-secs/gm quoted 1n
the present report are approximately 1% of those which some readers may
expeclt, simply because of the small area of the fleme from which they
were obtained. Similar considerations apply to the other radiation measure-
ments, which are described in detail in Appendix D. The compositions of

the flares are listed in Table D-1, Appendix D.
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preater inaight into the mechaniama which control the product of Hight and
color by pyrotechnic flamea,

A useful summary table of related infovmation appeara on page Ge=ht o.f
AMCP=706-1%5, Engineeringt Deaipgn Handbook, Military Pyrotechnica Seriea,
Part One, April 167,

The two major variables chosen for atudy were 1) the influence of the
ambient pressure in which the combustion occurs, and 2) the cation of the
oxidizer, In addition, the nitrates and perchlorates of aodium were both
included as oxidirers to provide a comparison between two materiala which
experience has shown to be of great practical value in the formulation of
pyrotechnic compusitions.

The experimental conditions sre given in detail in Appendix D. The
various compositions were pressed into 33 mm i.d. fiber cases and burned
in a steel chamber provided with ports through which the f'lames could be
gstudied with a scanning spectrometer and a 1.5 meter grating spectrograph

under selected ambient pressures.

A. Pressure Study

From the data taken on flares containing 57% Mg, 3%% NaNOg, 54 laminac




shown in Table 1, "Summary of Results from the Pressure Study," the
marked decrease in radiance which occurs as the ambient pressure is decreased
is readily apparent. This quantitative information on the pressure decre-
ment is important because of its application in the design of flares for
high altitude applications. It is also important because it provides a
part of the data needed to analyze the mechanisms of the flame reactions;
this analysis is needed if a successful mathematical model is to be created.
In the long run, the latter application will probably be the more important
one.

When the data on duration vs. pressure are plotted (see Figure l) it
is found that the burning rate can be described by an equation of the form

t = k" P = 5 torr

in which t = burning duration, seconds; P = ambient pressure, torr apd K
is a constant. For these particular flares, n =—l/3 and K = 63; the value
of n is believed to be typical for a wide range of compositions and sizes,
while the value of K probably typifies a specific composition. At values
cf p less than 5 torr, combustion iz uncertain and the divergence from the
value predicted by this equation is not surprising. A careful study of
combustion at pressures below 5 torr should be undertaken to determine
whether the same law applies or & new mechanism is occurring. At pressures
from 5 torr to 760 torr, the burning time is inversely proportional to the
cube root of the pressure. Now consider the data concarning the radiant
intensity and the power - which is a function of the ambient pressure -
furnished by the combustion of the flare composition, which are described

by the following equations for the flares studied:

- n = q
T = KlP and E = K2P

3
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in which E = kllocalories sec'l, I = watts ster~! and P = torr. From the

data obtained in the present case, Kl-b.0x10'5: n = 2,16, K, = 2,0 and

q = 0.35.

Comparing these equations, it is of interest to note the exponential
decrease in the rate at which power is generated by the burning composition.
From this observation the radiant output of the flame also would be expected
to change exponentiallyas a function of the pressure. That is to say, the
decrease in burning rate of the composition with decreased ambient pressure
follows an exponential law and a corresponding reduction in radiated power
would be anticipated. However, the reduction in radiant intensity is con-
siderably greater than the reduction in the rate of energy release, as can
be seen from the exponents in these relations. It is hypothesized that in-
asmucn as & finite area of flame was measured, it may be that the radiance
has been further decreased by the expansion of the flame at lower pressures,
in addition to the intensity change that is anticipated from the decrease
in burning rate. This implies & reduction in the number of radiators per
unit volume (or area) with, perhaps, a reduction in the percentage of
possible radiators that have been excited. The reduction in the number of
excited atoms would be expected from the decrease in the rate at which
atomic species are created as the burning rate is decreased; a lowered
flame temperature which may result from the lower rate of energy release
would create fewer excited atoms and/or molecules.

The reduction in the effecti\{eness of flares as illuminants when com-
bustion occurs at the reduced préssures of high altitutdes has been known
for some time and various compositions have been described as useful in
minimizing the effect. From the present quantitative results it appears

that empirical changes in the composition do not attack the source of the




problem effectively, Studies should be directed toward the discovery of
eff'ective means of maintaining the flame temperature and the concentration
of the emitting species.

As a final comment, it 1s interesting to note in Table 1 from columns
7 and 8 that the ratio of visible radiation to the total radiation measured
increases at low pressures. This is quite evident in Figure 2 through 6.

In these spectra, it is evident that at higher pressures a large amount of
power is mdiated in the region beyond 0.65 micron, which is wasted so far

as visual effectiveness is concerned, As the pressure is redﬁced the amount
of power radiated in this longer wavelength region relative to that produced
between 0.45-0.65 micron (due primarily to excited Na atoms) is greatly
diminished. The desirability of research aimed at utllizing this observa-
tion by finding methods of increasing the concentration of useful radiators
in the flame and maintaining high flame temperatures independently of the
ambient pressure condition is apparent.

The investigation of pressure-related phenomena was stopped at this
level in order to round out the desired coverage of the present study by a
series of measurements on composition-related effects. This does not mean
that the pressure studies are considered as completed. For example, an
Arrhenius type of plot of the burning rate in kilocalories per second vs.
reciprocal pressure can be constructed frcm the deta in the summary table,
which shows a change in rate at approximately 100 torr. By extending the
range of these measurements and simultaneously determining the mumber of moles
of nitrogen and scdium vapor, data concerning the Mg-NaNO3 rate-controlling

reaction can be obtained. These data also will be needed in the construction
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of a rational model which can predict flare behavior and design parameters,
for whatever compositions are of interest. It can only be obtained by

experimental work of the general nature performed in the present study.

B. Composition Study

The next phase of the stu&y vas an investigation of the power distribu-
tion of the radiation in the 0.43-1.17 micron spectral range that is
produced by the alkali and alkaline-earth cations when the corresponding

nitrates are employed as oxidizers.

REMOVED DURING REVIEW BY NAD CRANE

From the quantitative measurements that were made of
the radiation produced by the flames of stoichiometric compositions, and
compositions containing a fixed ratio of oxygen to fuel, it is possible to
show certain zeneral trends that should be consillered in the design of flares.
The data obtained in this phase have heen summarized for discussion in
Table 2 and Figures 7 and 8.

Comparison of the energy radiated per gram from the central region

of the flame from these compositions shows very clearly in Figure 9 that the
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stoichiometric composition is more efficient in all cases. In view of

the greater radiance produced by fuel-rich compositions that is nommally
observed from magnesium-sodium nitrate illuminating composition, this

result was unexpected. However, candlepower measurements made in the
ordinary way are taken of the radiation produced by the entire flame area,
whereas in the present studies the radiation studied came from a small
region (See Appendix D) of the flame. It is concluded that the difference
in the relative efficiency ie a consequence of the difference in the
radiation produced by the small, central area of the flame and that from the
entire flame. In view of the rather large change that occurs between total
flame and local flame radiance, it would be worthwhile to study these flames
in a mapping process to examine this phenomenon in greater detail.

Various hypotheses can be advanced to account for this difference, but
at the current state of knowledge of these processes they would pfobably
represent only interesting speculations.

As the atomic weight of the alkali cation increases, the amount of
energy radiated per gram also increases, as is evident from Figure 11, from
which it may be concluded that the stoichiometric composition which contains
the oxidant of highest molecular weight will produce the greatest amount
of radiant energy per gram of mix burned. The ratios of the radiated
energies from the stoichiometric mixes to those from mixes containing a
constant ratio of 1,77 mol oxygen per mol of magnesium range from 2.9 to
1.7 as the atomix weight of the oxidizer cation increases as may be seen
in Figure 10.

The MK 24 flare candle uses essentially the same composition as the

38.0% NaNOy, 57% Mg, 5% binder mix used in the present tests. An increase

21
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in radiated energy per gram of 1.7 times is obtained from the stoichiometric
formula of 51.5% NaNOs, 43.8% Mg, 5% binder; Zf rhis central radiance ratio
can be produced throughout the flame, a considerable performance gain would
result.

Comments analogous to the above can be made even more positively with
regard to the alkaline earth nitrate compositions. Similar plots of the
results produced by the combustion of stoichiométric and constant mol ratic
mixes of calcium, strontium and barium are included in Figures 7-11. It
is apparent that with these materials the stoichiometric compositions
radiate more energy per gram than do the fuel rich conpositions and that
this trend becomes more pronounced as the atomic weight of the nitrate
increases. The effect is more pronounced for the alkaline earth nitrate
mixes than for the alkali nitrate mixes.

If the power, rather than the energy per gram, is of major interest to
a particular designer it may be seen from camparisons of the watts/steradian
values in Figure 11 that a condition exists similar to that found with the
energy values,

lowever, when the luminous intensity values are campared, the striking
superiority of flares containing:sodium becomes immediately apparent.
Further, perchlorate mixtures which contain an equal number of sodium atoms
are superior to those based on the nitrate by approximately 20% as is
evident in Table 2 and Figure 12,

Efficiency in the production of light may be considered as the con-
sequence of the coordination of two factors. One is the efficient production
of radiant power, the second is the concentration of that power in a desired
region to the greatest possible extent. A flare containing sodium almost

automatically produces power in the visible region as a consequence of the
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atomic structure of this alkali. The resonance radiation of sodium lies
in the region to which the eye is mo.t sensitive, while resonance radia-
tion from the other alkali metals lies in the near infrared. Because the
resonance radiation from any one atomic species requires the least energy
for its excitation it tends to be the dominant spectral feature. The
excitation energy required by the sodium resonance lines is roughly 14%
greater than is needed by lithium and 50% greatér than needed by cesium.
The flame temperature determines the excitation energy available and,
while other factors also affect the radiation intensity, would produce at
a certain low temperature only cesium radiation, followed by rubidium,
potassium, lithium and sodium as the temperature is increased. Then, at
a given temperature less radiation from sodium than from, say, cesium,
might be expected. That is believed to be the fundamental explanation for
the shape of the curves in Figure 9 and Figure 13 from which it is seen
that essentially this relation is followed by th2 alkali metals. As a
result, the sodium flare shculd exhibit a greate; loss of radiance with
decreasing flame temperature than, say, cesium. . Since it appearc that s
drop in flame temperature occurs as the ambient pressure is lowered, use
of cesium in non-visual tracking flares would minimize the reduction in
radiance at high altitudes. '

The radiation from the alkali metalc is basically atomic, modified by
high temperature and atom concentrations to produce a considerable amount
of continuum radiation. Even so, the predominant feature of these spectra
i{s the line structure which is evident in the spectrograms in Appendix B.
The alkaline earths, however, produce spectra which exhibit several 1lines,

but are really characterized by band structure from excited molecules such
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Figure 13

RADIANT ENERGY VS RESONANCE EXCITATION ENERGY
of ALKALIES

200 ® Alkali Nitrate, Stoichiometric
% Alkali Nitrate, 1 mol Mg to 1.77 md O,

Cs
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RO ad ROV Thene banda ave evident In the apectroperams of the ntknlipe
earth compeattionn ahown In Appendix 1L The reaniution of the apect roprama
18 quite pood, whereaa In the apseteal intenalty plota that nve contatned
In Appendix A 1t ia Impoaaible Lo see the Cine atractural detni)a,  M™wua,
the major omitteora are eantly tdentitied from the greating apecten while
the power radinted at varfonn wavelengtha oan be aeen directly Crom Che
intennity plota,  The alkall nytrates produce lﬁtvnulhy plota whivh are
characterlzed by a splke-like nhape, riding on a gensral background leyvel
or radiation which fa typically from 9% to 20% of the apike amplitude,

The alkallne eartha produce a greater leval of background in propovtion to
the splkes. A propressive change ia apparent in pasajng from caleium,
which still has a predominant apike structure, to barium, which exhibitn
no splkes but a broad hump in the near infrared,

Examination of Pigure 12 reveals that barium is the neareat competitoy
to sodium in luminous intensity, when eaployed in a stoichiometric tformula-
tion. Special reasons might dictate the use of an oxidieer that douea not
contain sodium, in which event the barium compesitions should be cunsidered.

The reasons for the general Inferiority of the alkaline earths as pyro-
technic illuminants ure apparent from the radiant intensity plots, where
the general predominance of band structure results in the producticn of

radiation which is distributed throughout the spectrum instead of being

concentrated in a few locations which happen to be visually quite effective

as is true of the radiation from sodium flames. The addition
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of halogens, such as chlorine or fluocrine, to barium compositions causes

the production of intense bands in the green region due to BaCl or BaF
molecules. These compositions are useful as green signals although degra-
dation of the color purity by the bands outside the green region is difficult
to overcome. However, neither calcium, strontium or barium can compete

with sodium as an illuminant for the reasons given above.

In conjunction with the above comments on fhe'use of halogens to shift
the radiation pattern into a preferred region of the spectrum notice should
be taken of the effect of chlorine in sodium compositions. Compare the
radiant intensity plots in Appendix A for B-2 and B-10 flare:s with those
for B-19 and B-20 flares. At approximately 0.55 microns a shoulder or jog
is apparent in the B-2 and B-10 spectral plots which does not appear in the
B~19 or B-20 spectra. The same phenomena is observable on the grating
spectrograms in Appendix B. At the same time, note the great increase in
the energy radiated beyond 0.78 micron by the perchlorate compositions as
compared to the nitrates. An explanation for these changes may be that a
different flame species is created in the presence of. chlorine which radi-
ates in ‘the near infrared. The phenomenon should be studied further
because it may provide important clues to the reactions which occur at the

temperature of the flame, currently not well understood.

C. Flame Temperatures

The experimental values of absolute radiant intensity can be used to
calculate a temperature on the assumption that the flame is radiating as
a gray, or black, body would. That is, the emissivity of the flame is

assumed either to be independent of temperature and wavelength, or to be

29



known. If the emissivity is truly independent of temperature and wave-
length then by the use of a modified equation it can be eliminated from
the calculation.

The flame is not in general a.black or graybody radiator, but some
evidence exists that it may behave at certain specific wavelengths as
though it were. This condition requires that the flame, over a narrow
spectral region, be o. the same radiance as thaﬁ'which a blackbody would
produce; this, it is thought, may occur in flames that are optically thick
and also saturated with some selective emitter. An alkali nitrate flare
flame may meet these conditions if the alkali atom concentration is high
enough and the physical thickness of the flame is adequate. The alkali
atom concentration can be assumed to be adequate if one accepts the view
of Strong and Bundy(6) that this condition is detectable as an extreme
broadening of the resonance lines. Such extreme broadening is noted at
pressures of about 300 torr or more in the alkali metal flames that have
been studied in this project and it has therefore been of interest to
examine the temperatures calculated from the intensities measured in the
region adjoining the resonance lines.

The measured values of radiance may be in error by approximately 15%
(See Appendix D) and it has been deemed necessary first to estimate the
tempefature variation that may be expected from this uncertainty.

The brightness temperature is given by Wien's lLaw as

T

t

-6.25 x 103/ A (log L + 5 logA -4.573)
for an emissivity of unity. If the emissivity is not unity, the value

(-4.573) must be replaced by that which corresponds to log (l/ecl); e is
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the emissivity and ¢, = 3.741 x 10" w);f‘ em™2, L is the radiance in watts/
em®/micron and A is the wavelength in microns.

It may easily be calculated from this that an error of 15% in L will
be reflected as an error of 30°K to 50°K in the region of 2000°K to 3000°K.

Similarly, the derived relation

T = (0.4343) (1.439 x 10%) (7\;l -7\;1) -
(tog “1/1, -5 1og A,/ )
used to compute the temperature when the emissivity is assumed to be the
same at )\l and 7K2 may be evaluatedfor the change due to an error in Ll
and L2. In the same 1000°K temperature range, an error of +15% in Ll and
-15% in L2 - representing a "worst case" condition - would produce an error
in temperature of around 2200°K.

From this it would appear desirable to compute the brightness tempera-
tures at two wavelengths as well as the temperature from the intensity ratio
at these same wavelengths. If there is more than 100°K difference between
the brightness temperatures, or between thém;and the ratio temperature,
these temperatures are probably quite meaniﬁgless because of error of
measurement or failure to satisfy the assumptions. If, on the other hand,
the three temperatures agree within, say, 100°K they may represent a flame
temperature that can be correlated with the flame processes. Therefore, as
a matter of interest, these three temp2ratures have been calculated as a
part of the data reduction process and ;ome are shown in Table 3. A fair
agreement exists between the brightness temperatures, but they are generally
around 50C°K higher than the ratio temperature in the case of tﬁe sodium

nitrate compositions.
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CALCULATED APPARENT SODIUM FLARE FLAME TEMPERATURES

TABLE

3

Wavelength, microns, of Intensity Measurement

0.594+,005 | 0.821+.,005
N to to
bxidant | ©.594%.005 | 0.577¥.005 | 0.821¢.005 0.577+.005 (A)
BRIGHTNESS, °K RATIO, °K
fNano3 3124 3190 2765
" 3148 3216 2869
" () 3116 3175 2520
" 3122 3183 2698
! . 3120 3178 2599
! (5) 3097 31ky 2356
N
NaCl0), 312k 4886(.598)
" 3164 3203 2725
N 175 20484 2399
" (J) 3173 3206 2405
" 3176 3220 307k
" 3162 2541 2615
" 3104 3148 3892(.578)
" 3162 25L6 3413
" 3110 2502 3469
" (J) 3159 | 2529 226l . -

(J) From intensity values corrected for slit width.
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Suppose then that saturation does occur at the 0.5890 micron regicn,
peaking at about 0.577 micron, but does not quite exist in the region due
to the 0.5896 micron line, whose intensity peaks around 0.594 microns.

Tt would then be found that the brightness temperatures computed at the
peak intensities due to these resonance lines differ and that the value
obtained at 0.577 microns exceeded the 0.594 micron value. The data from
sodium nitrate show that the 0.577 micron values for temperatures are
indeed consistently some 60°K greater than the 0.59% micron values. The
difference of 6OOK does not at first appear to be adequate to account for
the 550°K difference noted between the average ratio temperature (2635°K)
and the average 0.577 micron brightness temperature (3185°K). However, if
the Wien equation is solved for the value of the emissivity needed to make
these two temperatures agree, it is found that the emissivity is 0.917.
This is quite a high value of emissivity compared to the theoretical
maximum of 1.00, If this emissivity value is to be accepted, it should
also account for the observed 60°K brightness temperature difference noted
before. The calculated correction amounts to 37°K, which is approximately
two-thirds »f the expected value. While the agreement is not complete, it
is adequate to support this hypothesis when the measurement accuracy is
recalled.

If the temperatures calculated for similar compositions by sophisticated
thermochemical computer programs are examined it will be found that they
range from 2600°K to 3lOO°K, depending upon the exact nature of the assump-
tions made in the calculation,

It appears that the temperatures calculated from the data obtained in

this study are realistic, agreeing fairly well with theoretically calculated H
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values; that there may be a difference in the emissivity at particular
wavelengths in the small flares used in the study which was not suspected;
and that further efforts are warranted to improve the accuracy of measure-
ment so that better values of temperature and emissivity can be obtained
for use in a flare mathematical model based on the reaction processes.

In closing this discussion it is well to note that the materials used
in compounding these flares were of good commercial quality but were not
especially purified. As a result, there is some residual amount of each
alkali that remains in the salts of the others which is quite evident when
the spectra are examined. There is undoubtedly some change in relative
amplitude of the radiance produced by a given nitrate due to this lack of
complete purity. On the other hand, this study is directed toward practical
ends, for which reason the use of especially pure materials was not appro-
priate. The cost of such materials would make their use in military pyro-
technics completely uneconomical; the performance changes that would be

expected, except for specialized applications, would be insignificant.
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1V. CONCLUSIONS

The marked decrease in the efficiency of illuminating compositions
which has been observed at high altitudes has been substantiated and
quantitative relations derived between the ambient pressure and the energy
release rate, the burning rate and radiance of a typical magnesium-sodium
nitrate composition. It is found that the radiance and rate both change
exponentially with pressure and that a decided shift occurs in the spectral
distribution of the radiation, relatively more visible radiation being
emitted at lower pressures with respect to the total emitted between 0.43
micron - 1.17 microns. Some evidence was found for a change in the combustion
mechanism at pressures less than 10 microns, evidenced by a change in the
slope of the pressure vs rate graphs.

Both alkali and alkaline earth nitrate oxidizers produced higher
radiance from stoichiometric mixes than from fuel-rich compositions, con-
trary to findings based on whole flame measurements. This difference must

be due tc a change in radiation processes which occurs in moving from the

center to the outside of the flame.

With regard to the central ’xame zone near the candle end, the following
conclusions result from these studies:

a., Stoichiometric compositions radiate more energy per gram or per
second thanfuel-rich compositions.

b. Stoichiometric compositions containing oxidizers with high atomic
weight cations are as much as four times as effective in the production of

radiant power, per gram. The same trend is observed in the fuel-rich

compositions but to a lesser degree. A similar comment may be made
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concerning radiant intensity, but again the effect is less marked.

c. Concerning luminous intensity, a similar situation exists but
because of the effect of the visibility function, an enormous leverage is
exerted by radiators which emit in the visible region of 0.4-0.7 micron.
This is the reason for the effectiveness of sodium compositions, followed in
utility by those containing barium.

d. It is found that sodium perchlorate compositions radiate much more
energy than the nitrate in the region beyond 0.8 micron and should be
considered when radiation is required in this region. A shoulder in the
radiant intensity vs wavelength which is observed in NaNO4 flames at about
0.55 micron does not occur in the NaClO4 flames, indicating a change in the
species present.

e. Those elements with the lowest excitation potential are the most
efficient sources of radiant energy. This reinforces other considerations
which require a high flame temperature for efficient radiation of useful
energy.

f. Optically deteimined flame temperatures of the NaNO3 - Mg flares
have been found to agree with theoretical predictions within the experimental
limits of error. Some evidence has been found that 1) these small flares
are not quite optically thick and 2) that there is a small, unexpected
variation in emissivity near the D-lines.

Finally, much work needs to be done to refine and extend these measure-
ments but for the first time a coherent body of quantitative data on these

flames has been created.
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APFENDIX A

PLOTS OF SPECTRAL INTENSITY V8, WAVE LENGTH
RANGE 0,43 MICRON - 1,17 MICRON

ELIMEIT TYPE  FILE 16 RS FLLE 17 RWAS

1 B ks 56

Na B 7 7, 8

K B3 8, 9 n

Rb Bl 10, 11 101, 102
ce B5 101, 102 104, 105
Ca B6 104 108

sr B7 105, 106 109, 110
Ba B8 107, 108 201, 202
Stoich B17 305, 306 31

1 29 2 20k

Na B0 201, 202 205, 206
X Bll 203 207, 208
Rb Bl2 205 209, 210
Cs BI3 207, 208 301, 3
Ca Blh 201 30k, 305
sr B15 3@ 306, 307
Ba B16 303 309
Nolal B8 109, 110 Lo1, M2
Stoich NaCl10), B19 307, 308 ko3, ok
Molal NeC10, 20 309, 310 406
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APPENDIX B

ALKALI AND ALKALINE EARTH FLAME SPECTRA
FROM 0.35 MICRON TO 0.90 MICRON
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APPENDLX ©
(Moundt teparately Hecaine of age Bipe)

Explanativn of entrlea tn the thllowing tatuiation {a preaented herve
teoald the yeader {p curvectly Inteprproting the valuea,

1) Bummavy Mending Pagea.

Linea ) throwgh 1% hyelefly denoribe the teat copditiona and
fdenticy the tlave, The enepgy content of the mix ia ealoulated by
atandard procedures, aaauming that the end producta are magneajum
vride, nttrogen and the ration slement .,

e devivatfon of Linea 1'* and 18 4z obvioualy from the obaerved
time o burn and the vatusa in line 15,

Line 20 ypepulta from the numuIianl lncggrutiun of the data
tabulated aa Column o, watt atep™! mieron™ over the range 0,k3-
.10 miovona,

Line 21 {a caleulated by multiplying Line R0 by k1t to represent
a apherical emitter, by the buvning time in aeconda and dividing by
the flare weight in grama,

Line % {a obtained by rorming the product of the values ln
column 2 with the apectral luminoua efficecy (aee t,8,A, Rtanda:d,
"Nomenclature and Definitions for Tlluminating Engineurinf.“ RP=1(,
Aug, 16, 1967, pg. 8 ppa. 3,7-3.8) valuea in lumens watt"® at cor-
veaponding wavelengtha (the resultant product of which ia given in
Columi ©) and numerioally integrating the result,

Line 24 ia ubtaiuned by a) finding the product of Line 22 by hr¢
times the Lurning time divided by the compoalition weight in grams,
and b) by finding the product of Line 22 by the burning time in
geconds divided by the compoaition weight in grams, i,e., candela
deca gm~1, aince 1 lumen ater=l ia 1 candela, by definition.

Line 24 §a the result of dividing Line 23 (a), lumen asecn gm'l
by the value of watt seconda gm™+ in Line ' and ia a true measure
of the Luminoua efticacy of the area of the flame that vaas measured,
t.e., W% asquare millimetera.

Line 0%-27 values are derived by the usual calculations from the
spectral power distribution in Column 2. For details of these
computations, see any good text on colorimetry, e.g., "Principles
of Iliumination," H. Cotton, Wiley, 1' ), pgs. 186-197. The valuea
quoted define the excitation purity a. . color of the luminous
radiation from the flameas.
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Line 30-31 values are obtained by solving Wien's Law for temper-
ature and using the values in Column 2 at the wavelengths given in
- Line 30-31 to compute the corresponding brightness temperatures for
an assumed emissivity of 1.

Line 32 values dre the result of finding the ratio between the
intensities as computed by Wien's Law at two different wavelengths
and solving this expression for the temperature. If the emissivity
is not a function of temperature or wavelength, it need not be known
for this method to give a true temperature value.

2) Column Contents.

Column 1 gives the wavelength in microns at which the values
shown in Columns 2 through 8 apply.

Column 2 gives the radiz:ui intensity in watts steradian-~l
micron=1 computed from the actual measurements of the flame radiation
and is the basis of the values in Columns 3 through 8.

Column 3 values are obtained by dividing those in Column 2 by
the largest value in Column 2.

Column 4 values represent the area under the curve of spectral
- radiant flux from the origin at 0.43 micron up to any given tabular
entry. They may be used to find the net flux between any two wave-
lengths.

Column 6 values are the product of those in Column 2 and the

- spectral luminous efficiency, to create the visible power distribution,
which is finally multiplied by 680 lumens watt-l to obtain the value
printed at each wavelength. '

Column 7 values are analogous to those in Column 4, for luminous
flux. '
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APPINDIX D
RXPERIMMNTAL DETAILS

A brief desoription of the equipment and procedares used
to obtain the data is believed to de desiradle in order that other
investigators may make their own assessment of the results.

The spectra radiated during the combustion of various
oxidizers and magnesiuas flares pressed in 1k" (33 om) 1.4. fishe
paper tubes have been recorded at ambient air pressures vhich range
from 1,0 torr to 760 torr. The Apectra of the Ng-NaNO, candles
vhioh were burned at various ambient pressures vere néordod with
a Perkin-Elmer Nodel 108 scanning spectromatar operating at about
3 acans per second, The energy transmitted through ti.e spectrometer
vas detected by an RCA Type T102 photomultiplier with an 8=
photocathode oparated at 1250 volt! D, C, from a Type #K10 Power
Designs supply, regulated to 2x10™J percent. This detector sees
rediation that has been mechanically chopped at 5400 hers for
amplification by a Princeton Applied Research JB-L phase lock
amplifier. The reotified output voltage from the JB=k vas moni-
tored on a "Tektronix" 536=B CRO and simultaneously recorded on a
"Precision" 7 tweck magnetic tape recorder. The recorded analog
signal tape was processed by the Data Analyeis Section of the DRI
Electronics Division by first converting the analog signal to
digital form, during vhich operation the recorded signal vas
revieved to eliminate bad data. The resultant digital tape vas
processed on the Burroughs B-5500 computer to apply factors for
slit vidth of spectrometer, neutral density filter transmission
vs wavelength, and overall system response as determined by the
standard source input-to~output ratio. At the same time, the data
vere linearized vith respect to vavelength, for convenience in
plotting. Feactors to convert_ the corrected signal amplitude,
wvhich ig nov in watts Mcron"l‘ steradian-l, to lumens steradian”
micron™ (or candela) were then applied and the area under the
curves calculated, These areas provided the values of wvatt ster”
and lumens ster”l vhich measure the efticacy of the source in the
wavelangth range that was recorded,

The scanning spectrometer detector output circuitry was
later somewhat simplified by the elimination of the 5400 herz
chopper and associated lockein signal amplifier, phase and
frequency generating photodiodes, etc., that were installed some
years ago, when the experimental work vas emphasizing the infrared
spectral region. The amplitude of the electrical signal from the
photomultiplier detectors in the visible and near-infrared was
found to be adequate in magnitude without thess extra pieces of
equipment and their sccompanying complications. The scanning rate
of the Perkin-Elmer 108 spectrometer was increased to 16 per second,
of which only the acans from short-to-long wavelength was used,
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The effective scanning rate was thus 8 per second which is actually
ah inorease of about 5 times in the operating speed of the
spectrometer, This would have been too fast for the 5400 hers
chopping rate of the ¢ld system to sample properly and was another
reason for the change %0 a non-chopped mode o1 operation, The
additiconel data acqQuired with the increased scanning speed helps

¢0 reduce the random noise level in the averaged signal. It was
found that the flint glass prism, vhich had bLeen used for some time
in thess atudies in the visible region, could be replaced to
advantage by caloiwn fluoride because the glass prism has an ax-
cessive dispersica in the shorter vavelength region of the spectrum
for the presont needs of the program. As a result, the data which
exist in the red and near-infrared--from, say, 0.7 to 1l.2 microne=-
vere compressed into a relatively small fsaction of the total
acquisition time., When the data were reduced by the computer, the
non=linearity of the rlint glass dispersion curve cauced a large
nunber of amplitude values to be read out per micron in the short
vavelength region, wvhile approximately one-fourth as many were read
out in the 0.8=1.2 mioron region. The calcium flmoride priam
dispersion is also non-linear, but has & shape in the region of
interest that is more favorable in terms of equalizing the number
of values read out per wavelength interval. As a consequence of
the changes in the apparatus and in the data-taking rate, a new

set of calibrations for wavelangth ve, time and amplitude vs,
spectral rediant intensity were required as well as modifications
in the data reduction process. One somewvhat unfortunate result was
an increase in the time required for conversion of the analog data
to digital form. Processing of the snalog signal tape was done by
the Blectronics Division of DRI during this time. They found the
work load imposed was interfering with prior commitments and
contact vas then made with the Environmental Science Services
Administration personnel at Boulder, Colorado, to determine how
their computing and data handling equipment could be used to assist
this study. Discussions were held with the objective of acquainting
them with these atudies and the problems that are involved in
making spectral measurements of flares, and to acquaint us with
their requirements as to the form in which our data had to be
presented to them. The reduction of the date on the alkall and
alknline earth nitrate oxidizers was done at ESSA.

Some slight changes vere made when the series of burns
with these latter compositions were studied., All of these tests
vere made at local ambient stmospheric pressure which is taken
to be 630 torr. The flares vere carefully positioned sc that the
saxe region of the flame from each one was viewed by the spectro-
meter, The center of this region was locatad one inch above the
end of the flare composition, on the axis of the flare candle, The
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area of the flame that vas "seen" by the spectrometer, with the
fore-optics that were used, vas 1.5 times the dimension of the
spuctiometer entrance elit, That is, if the slit is set for a
wvidth of 0,2 mm, the region from which the radiation entering the
speotrometor comes is 0,30 mm., wide., The height of the slit was
fixed at 10,0 mm. and thus the height of the region viewved in the
flame vas 15.0 mm, The accursacy of these dimensions vas estimated
to be 168, Thus, the radiation that has been analyzed in these
latter studies comes from a region which is 15 mm. high, 0.3 mm.
vide centered 25 mm., above the end of the composition. (Constant
sottings of the spectrometer entrance and exit slits of 0,2 mm,
vere used in these studies). Tvwo separate detectors, the RCA T10R
and 6217 photomultipliers, were used in order to better cover the
spectral region from approximstely O.45 micron - 1,16 mieron, with
8 « 1 and 8 - 10 photo cathodes in the 7102 and 6217 respectively.
No one photocathode available in a photomultiplier covers this
entire region with good respouse,

Two Bausch and Lomb 1,5 meter grating spectrogrephs were
used to secure time-integrated spectra of these same flares,
simltanecusly with the spectra recorded from the scanning spec-
trometer. One speoctrogram was taken on Linagraph Shellburst film
and covered the wavelength range 0.35:0.,7 micron, the limit of ussful
rosponse from this film, The second spectrograph grating vas
intended to afficiently cover the same 0.35-0.70 micron span, but
it was adjusted to cover the 0.55-=0,90 micron region., Focus was
not as sharp as that of the visible spectra but was adequate for
detection, identification and qualitative intensity estimmtes., This
spectral range wvas recorded on High Speed Infrared film, the
response of which decreeses very rapidly at longex wvavelengths,

The response of these films is shown by the manufacturer's data
reproduced in Figures A-l and A-2,

The exposure to record the 0.35-0,70 micron region was mede
through a 15 step neutral density wedge at the slit in all cases.
The 0,55-0,90 micron recorde vere made through a five-step
platinum filter. Most of the film was processed in B, K. Co.

Type 448 monobath. The supply was exhausted near the end of the
series; none was avollable locally and processing was thereafter
done in E, K. Co. Type H, C., 110, followed by Rapid Liquid Fixer.
Some difference may exist in the absolute density produced by
these two processing schemes which should be considered when com-
paring films from different burns. The films from any given burn
were both processed in the same developer and are, in that sense,
comparable, The more prominent lines and band heads appearing on
these negatives were identified and one set ¢of negatives from each
flare camposition marked with india ink to show them,
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The stepvedge density values given in Table A=l are
provided ror use in estimating the amgnitude of the intensity
variations recorded in the apectrograms vhich are contained in

Appendix B,

All of the data verse obtained from flares Lurning
inside a chamber of six feet inside length and diameter, chrough
®lase vindows 3/k inch thick. The effect of the windows and that
o4 the extsrnal system vas accounted for by making an over-all

" aystem celibration with a 1000 vatt Quartz~iodine lamp positicned

in the chamber at the flare location. The spectral steradiancy
produced by this lamp is treceadble to the National Bureau of
Standards. It must be realized that these radiation measurements
are extremely difficult to make with much accuracy. For example,
the National Bureau of Standards in discussing their calibration
of the type of standard lanp used in these flame studies states
that the accuracy they obtain ranges from 8% to 3% in the region
from 0,35 = 2,5 micron.l Their results vere chtained under idesl
conditions from precisely controlled sources, It is probable that
the current messurements on flamee are intern:lly quite comparable;
on an absclute basis, the accuracy is relatively poor, but still as
good as can be expected under the conditions which prevail in the
study of pyrotechnics,

1stair, Ralph, Schneider, Wm, E., Jackson, J. K., "New Standard of
Spectral Irrsdisnce,” Applied Optics, 2, 1151, 1963,
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FIGURE D-1
LINAGRAPH SHELLBURST FILM PROPERTTES

Base: ESTAR: 0.004-inch polyester (polysthylene tersphthalate
plastic). Clear and colorless aftar processing.

A completa discussion of the physical properties and behavior of
83'3'4 new base is avallable on request, Ask for KODAK Pamphlet No.

N >

Characteristic Curves: KODAK LINAGRAFH Shellburst Film (ESTAR
Base). Exposed to daylight Hiumination for 1/50 second. Developed
in |KODAK Developers D-19 and D-76 at 68 F (20 C} with continuous
agitation.

o}

v i LJ e y —
[ [ 17 w In LT J——— [

Spectral Sensitivity Curve: KODAK LINAGRAPH Shellburst Film
(ESTAR Base). Developed in KODAK Developer D-19 at 68 F (20 C) for
8 minutes with continuous agitation. °

T —
BT ~—
}] Resolving Power _ \\ ’
' . (Tast object contrast 1000:1) High
H Graininess Mudium
lcltgi“ (sharpness) Extremely High .

Reciprocity Curve: KODAK LINAGRAPH Shellburst Film (ESTAR
Bass). Developed in KODAK Developer D-19 at 58 F (20 C) for 8 min-

utes with continuous agitation.
Tume {Smasnds’
Y /v /v’
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FIGURE D=2
HIGH SPEED INFRARED FILM PROPERTIES

SENSITOMETRIC DATA
Spectral Sensitivity® Curves
Developed 11 minutes in Kobax Developer D-76 at 68 F

D=030°

10
D = 1.00*

T
]

\
\

\

500 600 700 800 900

WAVELENGTH IN MILLIMICRONS
*Sensitivity = reciprocal of exposure (ergs/cm?) required to produce specified
density above density of base plus fog.

Sensitometric Curvos: For average product and average processing.

»
KODAK MIGH SPEED INFRARED FilM b
Eaposed 1o Deaylgin through -
| Rodol Weatun Piller Ne 23 (A rod) 4
Duveloped in Koduk Developer D-7¢
22 0 88 F (20 C) with knormintent Agitation -
w0 30
.8 — g -
! " - //.._ 4 i
t4 l— & -
| g 5|17
| - e 4
73 v . (73
) p.d ]
y
mE _ )
3 Contastndon Corven Bose Deny |
'y 3} 4 -~
. ° 71 0 42 [P o 100 teosum e w
. TIME OF DEVILOPMINT (MPared) ,
Reciprocity Data:
Exposure Time (seconds) 171000 1/100 1/10
Exposure Increase (stops) +1/3* none none

*Increase development to yield 7 percent more contrast.

Forms Available: Kooax High Speed Infrared Film, 16mm-—No. HIR 430 (100-
N ft roli on camera spool for Kodak and other high-speed cameras). Kooax High

Speed Infrared Film, 35mm—HIR 421-1 (100-ft roll); 35mm-—HIR 417 (100-f¢t

roll on modified No. 10 metal camera spool for Eyemo, DeVry, and similer

cameras). ‘
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TABLE D-1
FIARE CANDLE COMPOSITION

Batch gne=
No. Metal Nitrate sium Binder Type
% %
0 Na L8.0 48,0 N Pressure Series
1 Li k2 18,8 5 Btoichiometric
2 Na 51.2 43.8 5 "
3 K 5542 39.8 5 "
N Rb 63.6 31.k 5 "
5 Ce 69.1 25.9 5 "
6 Ca 54,6 Lo, L 5 "
7 Sr 60.5 34,7 5 "
8 Ba 64.8 30.2 5 "
I4 Rb 11.54 12,00
17 | Ne Cs 9.17 13.27 | 38.51 5 .0 Mol Mg to
K 10,51 1.77 Moles O
9 4 33.b 61.6 5 "
10 Na 38.0 57.0 5 "
11 K 2.0 53.0 5 "
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TARLE D-1 CONT'D
FIARE CANDLE COMPOSITION
Batch Magne-
No. Metal Nitrate si;m Binder Type
12 Rb 51.0 4,0 5 1.0 Mol Mg to
1.77 Moles O
13 Cs 57.4 37.6 5 "
1k Ca 32.7 62.2 5 "
15 Sr 43,1 51.9 5 "
16 Ba 8.1 6.9 5 "
: w | 8.3 9.6
18 Ha BP 6.81 11.03| 51.21 5 Stoichiometric
Cs $.00 _
Sawe Sodium
20 Na 39.5% 55.52 5 1.0 Mol Mg to
1.{7 Moles O

* Oxidizer is NaClOy, not Na.NOB
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Step No.

n

o X &N oW

APPROXIMATE STEFWEDGE DENSITIES

Platinum
Redge

0.00
0,74
1.51
2.04
2.75
N.A.
K.A,
N.A.
H.A.

E. K. Co. Film

Wedge

0.06
0.36
0.60
0.84
1.08
1.31
1.55
1.80
2.03
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This report summarizes and describes an extensive srctroudimtric study of the
radiation produced in the 0.43 micron - 1.17 micron region by flames resulting from
the combustion of magnesium with the alkali and alkaline earth nitrates and with sodium
perchlorate at an ambient air pressure of 630 torr. Both fuel rich and stolichiometric
compositions were studied.

Additional studies were made of the influence of the ambient sir pressure on the
combustion of a 57% Mg, 38% NaNO,, 5% Laminac composition at smbient air pressure
ranging from 760 torr to 1 torr to detemmine quantitatively the docline in output,

It has been shown that 1) burning rate, radiance and luminance decrease exponen-
tially as the ambient pressure is decreased, and quantitative expressions are derived
for these changes, 2) the ratio of visible to total radiation increases as the pressure
decreases, 3) sodium perchlorate compositions radiate considerably more in the region
0.8-1.17 micron than sodium nitrate compositions, 4) a central zone of the flame
radiates more energy from stoichiometric compositions than from fuel rich compositions,
5) flame temperatures computed fram the spectra agree with the theoretical predictions
within experimental error, ¢) reasonable emissivity value in the region of the D lines
can be estimated, 7) the energy radiated in a particular spectral region can be
maximized by a proper choice of the axidizer cation.
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