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Section I
m

The general objective of this study, as. required by Contract NOMR-4236(00),
is the investigation of the factors which control the duratica, brightness
temperature, and spectral distribution of radisnt energy produced by chemieal
flashes. The progrsn has been divided 1uto four phsses:

. Dewloment of test oquipunt.
2. Combustion stmes. '
3. Nonequilibriun studies.

k, Eva.luation of ds.ta and system design

During the period of 1 June to 31 December 1963, work has been expend.ed. in

Major aehievements of the period have been.

1. Disclosure of several chemicel sctions which have theoretics.l flame - '
tempere.tures greater than 5,000

2. , Achievement of a brightness tenpereture of 5,800 800% vith a zireoaiulr
. potassium perchlors.te mixture. -

k. Discovery of a very strong time dependency of line emission brightness
during the progress of the rescticn. '

5. Theoretical prediction of intense nonequilibriul light. enission trm
doped meta.l-oxidim reactions.

6. kperinentel verification of the predicted possibnity of echieviu

intense line emnission from a netel-omid:lzer reaction by upu; vith ;
metal n:l.ts. , 4 ’ - |

Three of these achjievements are consid'eredv extremely important to the presemt |
study. PFirst, the 5,800 K temperature vhich was achieved is considered to be the . 4
highest temperature yet achieved in the United States wvith a pure chemical reectioa,
This high temperature indicates that even if nonequilibrimm emission cannot de

utilized, blackbody temperatures high enough to pump & laser are availadble from
metal-oxidizer reactions. .

3. Discovery of strong l:l.ne emiuion in metal-poussiun perchlorste reeet:lmﬂ

Second, the theoretical prediction of nonequilibrium emission from doped :
metal-oxidizer regctions indicates that brightness tempsratures considereabdly ;
higher than 5,800°K are definitely possible. Work is now being performed to t
realize these possidilities. . ‘
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"equilibrium emission will be achieved, as predicted by the theoretical non-
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Third, intense line eu:luicn tron doped. reactions indicates that non-
equilibrium emission does exist in metal-oxidizer reactions during the initial
stages of the reaction. Thérefare, it is expected that extremely intense noti-

equilibrium study, during the second half of the present study progrea.

Experimental studies will be continued in both combustion and non- '
equilibrium during the second hal? of the study period with strong emphasis on
nonequilibrium. Three classes of dopants vwill be examined; namely, highly - -
emissive metals, strong dipole salts, and high temperature fluorescént materials.
Combustion studies vill continue with stronger emphasis on basic reaction paths '
and production of excited species in the flame. This data will be used directly
in the nonequilibrium dopant study. Thus, the final result of the. two study areds
will be the development of a source of high intensity nonequilibrium radiation.
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| -and chambers. The sensors nmust measure light intensity as a function of time

"intensities as a function of time. The calidration technique is discussed in.

: .calibra.t:lon is accura.te.

"high pressure. Consequently, a knowledge of a chamber design is hportant for an

- time can be measured by the use of the apparatus shown schematically in Figure 1. |

- resolution is accomplished by a sectored wheel revolving in frout of the slit.

~ various corresponding heights on the film. To avoid the possidbility of light

NA-64-105

s«tion II
EXPERIMENTAL numm

The necessary experimental equipment for a .tud& of the light autput of 1
chemical flzsh reactions may be divided into three groups: Sensors, 1¢n:l.torl,

and vavelength. 1Two general types are in use.  One type is used. for producing
time resolved spectra and the other type is used for measuring monochromatic .

detail because all temperatures quoted are accurate only insofar as the

The ignitor is used to :I.gnite the rea.ction mixture at a predetemined time
and witha minismm disturbance of the system. Therefore, a brief discussion of
the 1gn1tor design is presented. ' o .

The chambers in use ma.y ‘be divided into four types Fla.t plate, atuocpheric
solid oxidizer, preasurized oxygen, and dynamic pressurization. Each is designed -
to provide a specific function for accurate intensity measurement at. various:
‘specified conditions such as with pressurized oxygen, a solid oxidiur, or under
understanding of the data prelented in lection thru

TIME RESOLVED SPECTRA

The variation of light intensity from chemical flashes with wavelength and |

A Bausch and Lomb 1.5 meter grating spectrometer serves to record on film the
light intensity incident on the entrance slit as a function of wavelength. Time

At any particular time during the flash only a certain portion of the slit height
is exposed to incident radiation by the sectored wheel. A sample sectored wheel
is shown in Figure 2; this vheel has ten sectors each cut at a diffarent radius. -
Each of the sectors shown occuples 18 degrees of arc of the wheel. . Twis, for
example, & wheel turning at one revolution in 40 milliseconds would allow a
series of two millisecond exposures to be taken. Since the spectrometer is
stigmatic, light from various portions of the slit height will be recorded at

being gathered from different portions of the radiating cloud leeding to a com-
fusion of spectral distribution of the light vwith a time distridution, the optics

bave been arranged so that the object imege at the opoctrmtor slit is onhrﬂ
about threo and onc-ln.u' ti-u.

. A DC light oource-phototmu-tor combination 1s used t0 measure tho tine
per revolution as well as acting as a timing trigger for ignition of the chemicals- |
vwhen the firing switch is flipped the ignition spark will be thrown the next time |
the phototransistor senses the light source through a slot in the sectored disk.
Some of the light focused on the spectrometer entrance slit is deflested by desm
dividers to two calibrated phototubes oquppod with narrov band filters. The
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output of the phototubes versus time is displayed on a C.R.T. and photographed.
Using the phototube output to measure light intensity and a microphotometer to
measure spectral film darkening versus time and wavelength, it is possidle to
calibrate the film darkening with radiant intensity and hence brightness tempera-
ture. By careful duplication of the exposure time and developing technique, and
use of the same film emulsion batch number, the film can be similarly calibreted .
at enough wavelengths to allow one to plot isotherms directly cm any micro- -
photometer trace of spectra taken in the same fashion. This seemingly complicated

system for calibrating film darkening versus radiant intensity is necessary
because of the reciprocity effect (1). The film must be calibrated using '
identical exposure times as the exposure %0 be measured and available calibration
standards do not have a high enough radiant intensity to do the job. :

Time resolved spectra should &llow the rapid determination of brightness
tehperature as a function of wavelength and time. This would be very helpful
in determining the effect of. various additives on brightness or on the light
output in any narrow spectral region in the wavelength range of the instrument. '
If nonequilibrium radiation can be produced, it is mich more likely to be detected
by use of the spectrometer than by phototubes with narrow band filters. It is .
also possible that the way in which intensity is observed to change with time
could reveal something about the combustion process.

MONOCHROMATORS

Measurement of light intensity in a given spectral region requires some form
of monochromator for selection of the spectral region. Several types of mono-
chromatours have been tried_ in an effort to £ind a simple yet sensitive device.

One of the first methods tried was the use of Wratten filters. The Wrattem
filters chosen were selected for narrow bandwidths and high transmittances in
the bandwidth. However, even the best Wratten filters had very vide bandwidths
( =500%) which produced anamalous results if the system under study deviated
greatly from a blackbody. Consequently, Wratten filters were scrapped.

After further study it was felt that interference filters would be the best -
because they offered the advantage of narrov bandwidths (=< 100%) and high
transmittance. Two types of interference filters are available:

1. The fixed type wvhich is manufactured for a ip&ciﬁc tr‘nilittlnco region.

2. The vedge type which transmits & given vavelength at & specific regiom
on the filter. ' .

Each type bas found use in the laboratory. The fixed type has beea used ia
conjuncticn with the Bausch and Lomd spectrograph for calibrating the intensity
response of the photographic films. For this purpose it is admiradly suited

because scanning is not necessary. Figure 1 shows use of these filters om the
time resolved spectra apparatus. :

The wedge type is quite useful as a quick scanning device for rough plotting
of intensity distribvution from flash reactions. It is extremely compast, and
may be easily calibrated because the spectrum is linear. Furthermore, it may be |
mounted permanently to a phototube pickup box to construct & very small spectre- |
photometer. Pigure 3 shows the vedge filter mounted on a phototube box. ;

]
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‘ Several types of detectors are currently in use in tho laboratory. These

may be divided into three categories: 8olid state, photodiode tube, and photo-
n.‘l.tiplior. h.ch type u boiu und in its specific area of sensitivity. .

The solid state photocells are currently in use in low lmitivity cppl:lu- ‘
tions such as for pulse counters on the time resolved spectra setup. However,
their high sensitivity in the infrared makes them admirably suited for measure-
ments in the infrared. An infrared sensor is currently under construction wvhich

will utilize the solid state infrared detectors.

The photodiode tubes have been utilized in the visible ra.nge 1n canunctim
with the wedge interference filters. Maximm sensitivity is at 54008,

The prime disadvantage of the photodiod,e tubes 1s that sensitivity A-i'oA rather
low when used with the wedge interference filters. Therefore, the minimm signal
detectable. above noise level corresponds to a blackbody temperature of spprcxi-

| mately 2300°

For high sensitivity applications such as measurement of narrow line ( s8)
intensities in conjunction with the grating spectrographs, photomultiplier tubes
are used. These tubes offer the advantage of extremely high sensitivity, but are
subject to miecrophonic pickup. For this reason, the phcbomultipliqr tubes are
not in more general use in the l&bmtory

SYSTEM CALIBRATION

Accurate measurement of absolute light intensities requires an acc\n‘u
system calibration. Before a system c&li'bration can be undertaken, mitt.bl.
intensity standards must be chosen.

~ As a pr:lmsry standard, a tungst_en ribbon buldb calibrated by the htignll .
Bureau of Standards was chosen. Because it was necessary to preserve this
standard, several tungsten ribbon bulbs were calibrated against the primary
standard to serve as expendible secondary standards. At the time of calibration
of these secondary standards, an optical pyrometer was also calibrated for use
as a cross check on the decay rates of the secondary standards. Thus, as the
secondary standards are used, they may be continucusly recalibrated with the

until the filament approsched burnout. It was assumed that the pyrometer cali-
bration 4id not decay because the calioration had remained ‘'unchanged during &
two year period of use prior to use in the lager laboratory. A second calibra-

tion of the pyrometer in the laser lubontory nrtor lix nonthl opontim bas
confirmed this assunption. .

To eliminate random errors in calibration, the rediant intensity of tve
secondary standard bulbs wvas calculated at several operating temperatures by use
of the tungsten emissivity tables and the blackbody radiation tables prepared by

-the National Bureau of Standards. Cross check with the original calidratiom

gave no significant errors, thcrerm, the tables were assumed correct for the two
bulbo in question.

Bccmn random errors could occur during system calibration, the system vas
calibrated at several bulb temperatures between 2,200°K and 3,006"‘ to give

optical pyrometer. In actual operation, however, recalibration was not necessary ‘

o e e
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" uniform and instantaneous in all fixtures tried. The wire electrodes uveed
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statistically significant calibration curves. 'mo actual rnponu curves vere
found to be linear with intensity as vas originally assumed. Figure & shows :
the normalized calibration curves plotted for one of the wedge interference 3
filters and 929 phototubes currently in use in the laboratory. A similar cali- '
bration procedure vas used on all sensors currently in use.

Caljibration of film response used in the grating metrogrtplu is porforlod )
during each shot by measuring the radiant intensity st three or four selected g
spectral regions with interference filters plus 1P28 photomultiplier tubes. With
this data isotherms may be plotted on the microdensitometer readouts to assist n
determination of film response.

Brightness tempera.tures round by use Qf the present calibmtion teehniqu“ N |
are accurate to ¥ 2 1/2 per cent up to 6000 Higher temperatures vill roquu . |
a higher temperature standard source for a.ccura.te calibntion.

The ignition of metal-oxidizer mixtures requires thlt some of the mtd ‘be
raised to its boiling point before autocombustion can begin. Because it was
desired to measure the temperature of the chemical reaction, and not the ignition
temperature, a second requirement was that the ignition energy must be much less ,
than the available reaction energy. Third, sensing and recording equipment to be |
used required synchronization of the flash with the recording period. nnrefm,
some form of electricll 1gnition with & very short delsy Vas necessary.

The tirst attempts at controlled ignition wcro perfonad_.vith Pyrofuse .
triggered by a battery. Ignition was erratic, often occurring several seconds
after the electrical impulse. l"u.rthemore; rapid firing in .equoucc \n.q almost.
impossible. .- )

A second a.pproo,ch vas to use. an exploding wiro triggered by a high voltl‘o :V~
capacitor discharge. Ignition occurred a.lmost instantaneously, dut again rapid
firing was almost 1mpouiblo.

Spark discha.rges were tried next, but ignition was erratic, appareatly
because of a low current density. However, rapid riring cou.ul be easily accomp-
lished if the erratic behavicr could be corrected.

To 1ncreiue current densities, a capacitor discharge vas used. Ignitiom was

initially vere easily Jarred from aligmment and ware vaporized very
Therefore, only two or three firings could be made before the clcetrcus N to
be replaced.

To solve the electrode problen a search vas mdi for more rigid ch'ctrdu.
Automobile spark plugs proved suitable. The base of the plug vas filled with
epoxy resin to provide a flat surface for the pyrotechnic powder.

Control ‘of the capacitor discharge circuit was first tried by using s mevewry
thyratron. However, a large leakage voltage vas slwvays present across the
electrodes vhich could cause premature ignition. The thyratrom vas replaced with
a high voltage, heavy duty double pole relay which provided complete uohuu o |
thc electrodu until acmtion. ,

.J

The final ignition circuit and its operating bebavior is showa ia Figure 3.

—
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Figure 4 . Photocell + Interference Filter Calibration
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| vesws or canesns

Chauber design is porhnpl the most important variable ummc tulporstm
measurement of pyrotechnic flasbes. Consequently, very careful thought has bees
given to the a.uign of specisl chsmbers to insure ascurste taporuturo measure-
ment: . .

- One of the first designs tried is the simplest. It conlilto merely of &
flat metal sheet upon vhich the flash mixture is ignited. In general a hemi-
spherical firebvall is formed. The flat. sheet design provides for minimal pressure
and shock effects vhile allowing complete access to the flame. The prime dis-
advantege is that rapid cooling occurs at the outer surface of the firedall wvhich
produces a zone of line reversal and scattering, thereby giving optical tempera-
tures somewhat lower than the true temperature. A second diudvantaso il that

“‘ fireball size is uncontrolled and varies greatly betwveen shotl. .

To alleviate some of the problems associated with the flat sheet, the
atmospheric omnidirectional chamber was designed. This design controls the size
and shape of the fireball by directing it upward through a short chimmey equipped
with a 360" window at its base. Measurements are made near the base of the
fireball at a point where the size is relatively constant for each shot. "The
greatest disadvantage is that large eddy currents are set up in the a.ppo.ra.tu.\
during firing vhich circulate a large amount of dust into the f:leld of view.,
Thus, scattering of emitted light becomes a serious problen

The final atmospheric chamber design resulted when the omnidirectional
chamber was modified to correct the scattering problem. An adapter was designed
to f'it the omnidirectional chamber which would highly collimate the flame and sent
it through an overexpanding nozzle to bring the flame to one atmosphere pressure. .
Slightly downstream, a 1/2 inch window was placed for a view of the center of the
flame. With this edapter, eddy currents developed downstream from ‘the window,

thus correcting the smoke scattering problem. Intensity variations of approxi-
mately five per cent were cbserved betwveen successive shots, but this could bde
attributed mainly to variations in povder mixing. See Figure 6 for the final
design of the atmospheric solid oxidizer chnbor :

Studies with pressurized oxygen placed these otringont reqnireunto on
chamber design: .

1. Chamber must be completely sealed.

2. Chamber must be inert to high pressure oxygen.

3. Chnmber must’ vithotand shock loading '

11». Chamber must have sufficient voh-e to prevent enonin pressure buiuum

S« Chamber must be equipped with a vind.ow capable of withtunuu maximm
pressure of chamber.

6. Chamber must be equipped wvith an ignitor capable of withstanding -n-
chamber pressure and 3,000 volt capacitor discharge.

13
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INTERIOR VIEW

Figure 6 . Atmospheric Chamber
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The final design of the pressurised oxygen chember based on these requires

: A d;mnc yressurizatiop chamber vas designed to allow measurements a$
oxtrva high pressures (*10* psi). Design criteris vere:

'1. Provide for containment up to 10°° pel.

2. Electrical 1gnition of charge.
3. Tmnspa.rent window for viewing. oo ) ' l
'l'he chamber 1s shown in ng\u'o 8. . |
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socti.on III
COMBUSTION STUDIES

| Before an exparimental study of nonequilibrium radistion from chemical

reactions can proceed, accurate knowledge of the equilibrium behavior is necessary.

The primary variable to be measured at equilibrium is the flame temperature of

the reaction. Knowledge of the flame tempersture is important because, by defini-

tion, nonegquilibrium radiation is at an effective temperature higher than the
flame temperature. Therefore, to determine experimentally vhether emission
observed in a spectral region is equilibrium or nonequilibrium, the temperature
observed must be compared with the actual flame temperature..

Measurement of the flame temperature by optical methods requires measurement
of the brightness temperature and emissivity of the flame in an equilibrium
emission region. These measurements are the basis of the combustion study being
performed under the present contract. In the combustion study, it is desired to
completely characterize the emission behavior of the basic combustion reactions
s0 that when dopants are added the change in the emission spectrum and its magni-
tude may be instantly known. )

A Another goal of the combustion study is to locate chemical reactions which
produce extremely high temperatures. The importance of high temperature reactions
i{s that in these reactions, the available energy is a maximum. Thus, there is a
greater chance of success in the use of nonequilibriwn dopants in these reactions.

To serve as a gulde for cholce of high temperature reactions, a theoretical

" adiabatic flame temperature calculation was made for several reactions. The

highest temrerature reactions were selected for experimental study under va.riolu
conditions. The theoretical and experimental results are presented here to serve
as a basis for understanding the problems associated with the nonequilibrium
study presented in Section IY. The highest temperature obtained during test was
a 5800°K temperature at 5500A as shown in Figure 13. ‘

THEORETICAL ADIABATIC FLAME TEMPERATURE

An adiabatic flame temperature is the calculated temperature for equilibrium
conditions for a flame in which no energy is lost to the surroundings. The
calculation of equilibrium conditions is rather lengthy, but programs for com-
puters have been written to do the calculation.

In the calculation of equilibriun, a table of possible capoundn is umhod
and those compounds that are thermodynamically preferred are used to obtain the
solution. It 1s obvious that the accuracy of the calculation is dependent on the
input thermodynamic data. For the systems calculated (except hafnium) the JANAP
thermodynemic data is used. The difference in input data probably accounts for
the difference in quoted temperatures..

From the heat of formetion of the oxide, it is expected that thorium, the
rere earths, hafnium, zirconium, beryllium, and aluminum will give the hottest
flames. Some of the adiabatic temperatures calculated by this method are showva
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in Figure 9.

not raise the temperature as much as might be expected since at these high'

temperatures most of the energy is being stored in molecular vibrations. The
data for thorium and the rare earths is not available, but. it is expested thou
should also give high flame temperatures with the possibility that the rare.

emigsion lpoctrun t0 tho lager l'blor‘otion spoctru
COMBUSTION STUDIES

Preliminary Experiments - To facilitate checkout of oquipunt, it vas
decided to search for a basic reaction which was easy to handle and produced
reproducible flashes. After checking several possible reaction mixtures, it

gave the desired results. This mixture vas stable for 1ong periods, easy to
ignite, burned in less than ten milliseconds, and produced brightness temperatures
close to the calibration temperatures used. Also, even after long ltorage » the
intensity varied by less than five per cent fron shot to lhort.

To record short pulses, a techtronix 535 oscilloscope was round. lﬁita;’bh -
when equipped with a Polaroid oscilloscope camera. If necessary, iwo channels
could be recorded simultaneously. Triggering was accomplished by adjusting the °

scope to trigger off the 1gnitor 8pike which occurs just 'before the chemical
flash. .

An intensive experimental study of possible errors was conducted with the
basic reaction mixture. From this study, several sources of extraneous signals
vere found and eliminated. First, extensive masking of the reaction chamber was
- necessary because of the formation of a large luminous cloud above the atmospheric

chamber during firing. Second, large signals from the room lights necessitated
operation in the dark. Third, various signals were picked up from electrical
equipment in operation in other areas of the laboratory if the output cables
from the sensors were not well shielded. Fourth, the recording equiment vas
sensitive to shock waves produced by the faster flashes.

Experimental Measurements - After the preliminary experiments were calphtod
and the system was completely checked out, an intensive study of brightness

temperature variations with wavelength was undertaken. Several solid oxidiser
metal mixtures were examined including:

ng+u+u.c103

Mg + AL + mo,‘
Zr + mok
B + mok

All reactions except hafnium plus potassium perchlorate indicate a large
increase in trightness temperature tovards the red end of the visible spectrm
as shown in Figure 10. Several explanations for this phenomenon have beea

suggested, all of vhich are based on Mie or Rayleigh scattering of light from

dust clouds. However, the brightness temperature behavior in the infrared v!.n
be nececsary before a reasonsble explanation can be found.

"It should be moted from' these graphs that increasing pressure does

earths may emit in their absorbtion bands and thus permit ntchiu of the n-'. -

was found that a mixture of 1/5 magnesium, 1/5 aluminws, and 3/5 sodium chlorlfo ~
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Figure 9. Theoretical Adiabatic Flame Temperature Versus Pressure
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Reaction time proﬂlu vary greatly depending om the mixtures used. A |
strong correlation was found between initial metal powder sise and reaction’

duration. In general, the finer meshes produced shorter reactions as expected, '

however, little correlation vas found between mesh size and brightness tenpere- .
tures. With zirconium, the coarse powder resulted in higher temperatures tham
the fine mesh powder.  This effect may be due to the rresence of an cxide layer -
on the powder vhich would effectively reduce the free metal eonccntrutiou in the
finer pawdarl beccuu or tha hrger lurftco areas prrount.

. Studies with preuurized. o:q'gen vere undertaken to verify the theoretically
rredicted adiabatic flame temperatures. At first,. the metal powders were used
directly, but the variation of bdbrightness temperature with pressure alvays

indicated a maximum. This effect was caused by the fact that only at one rres-
. sure would the system be stoichiometric. This effect is shown with a.lunimm ’

powder in Figure 1ll. Ha.fn:l.um and zirconium behave similarly.

To correct the stoichiometry problem studies were initiated with metal wool
packed into pyrex retainer tubes. The results with aluminum wool are shown in -
Figure 12 with the theoretical falme temperature plotted above. If an
‘emigsivity of 0.225 is assumed for the alumimm reaction, the "actual” flame -

temperature is found to agree quite closely with the predicted flame temperature. 1

As a check on this approach, zirconium-potassium perchlorate nixtures were
fixed under oxygen pressurization. The results are shown in Figure 12 Again,
11’ the emigsivity is assumed to be 0.0816, fair agreement is found between the.

actual"” flame temperature and the pm‘edicted flame temperature.

Zirconium-omen rea.ctions are currently under study, but no results are

available at present. However, it 1: assumed that similar behavior ‘will be
observed _ '

It should te mentioned tha.t these expexirvental emissivitiea are subJect to.
large errors if the theoretical flame temperature are in error, or if smoke
obscuration of the reaction zone is significant. Furthermore, the two path
measurements taken on the special apparatus set up for emissivity measurement
indicates that the emissivities are actually near O.7. However, these medsure-
ment.s are also subject to smoke obscuration and are probably higher than the
actual emissivities. Again, infrared measurements will be extremsly useful for
determining the actual flame temperature. When infrared data is available,
vhich will be very soon, the actual flame emissivities will become available. -

Higher brightness t'emperl.tux"el were expected with an increase in prou‘un.”

To explore the high pressure region, measurements were taken with solid ger=. |

metal mixtures in the dynamic pressurization chamber. Pressures up to pesi -
could be bandled in the chamber. Extreme difficulty was experienced in conduct- '

- ing these high pressure tests for several reasons. - First, conditions could by . .
no means be duplicated detween successive shots. BSecond, the window sometimes :

ruptured, nullifying data received. Third, flying fragments from the ruptured
window required elaborate protective screens. Fourth, the short duration pulses .
wvere hard to record because of large variations in the induction period between
the ignition pulse and the combustion pulse. Nevertheless, significant data

~ wvas obtained on many shots and are summarized in Table I . The pressures

reported are very approxigate and vere found by calculating the pressure
necessary to repture the vindov. A typical resction intensity versus t!.- plot
is shom in rum 13.
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Table 1
DYNAMIC CHAMBER TEST RESULTS

C Material L KIP/In. 3 l_ Temp °K
20

Al + Mg + Kclog 4150
nt + kclo, 20 4635
B + Mn + Kclo, 20 5270
zr + KClo, 80 8800

e o et e
FORM 19-8-1 ARV. 9-0¢
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An effective way to increase the flame temperature of a reaction is to add -
extra energy to the reaction mixture. To accomplish this goal, it was decided
to try an exploding wire in oxygen. Two types of wires were tried, aluminum and
zirconium. The vwire was exploded in a pyrex capillery tube under sufficient
oxygen pressure to effect complete combustion. Just enough electrical energy
was used to vaporize the wire. The results are shown in Figure 14 with a sketch
of the tube used. The brightness temperatures observed were higher than the :
temperatures measured with the metal wool burning in oxygen. The saddleés cbsérved .
are caused by the condensation of metal oxide. From the observed brightness
temperature and the calculated boiling point of the oxide, the emissivity may bde

emissivity is approximately 0.08. Therefore, the emissivities assumed in the
pressurized oxygen studies sre further substantiated.

KCth. Most of the time resolved spectra shots are of little value for bright-
ness temperature determination because of lack of constant developer temperature,
old developer, failure to operate the phototubes at the proper sensitivity range, '
change in film emulsion batch numbers, or an imperfectly cut sectored wheel
allowing the various exposures to overlap slightly on the film. Only the most
_recently taken Al-KC10), shots are.usable for film density versus brightness tem-
perature calibration. The spectral region from 35002 to over 6500A covered by
the gpectrometer will eventually be calibrated at 4500, 5000, 5500, 6000, and
6500A. A calibration for the 4SO0A and 6000§ region is being prepared using
A1-KC10) flashes and preliminary curves are shown in Figures 15 and 16.

In Figure 17 the microphotometer traces of a series of spectra are shown.

In it one can see the progression of the flash reaction at two from Al, K, and
Na (an impurity in the KClOy) vapor. The bands of AlO and the continuum radiation
of solid and liquid phases are not as yet detectable. Perhaps the most striking
occurrence is the increase in continuum brightness temperature in the blue region
of the spectrum before the continuum in the red can be detected (2-4 milliseconds).
The intensity of the NaD lines is already quite high. Differences in film '
response to blue and red light, therefore, cannot account for this discrepancy;
apparently, continuum emissivity i1s initially higher towards the blue end of the
spectrum. During the same 2-4 millisecond time, the AlQ bands at S5079A and

5337A are not yet visible while those at 46LSK and 48 appear quite intense.
Because the sensitivity of Kodak 103F film is lower in the green, and this region
has not as ye§ been calibrated, it is possible that failure to pick up the AlO
bands at 5079A and 5337A is attributablz to the lower film sensitivity. At
subsequent time intervals the microphotometer traces show an increase in
continuum, band, ard line radiation; K lines and the center of the NaD-lines are
observed in absorption, but Al0 is always present in emission. Either the gas

is hotter than the solid, i.e. Al is oxidized primarily in the gas phase, or the
enissivity of the solid is lower. From the preliminary film density calibration
data gathered thus far, it appears that the contin brightness temperature in
the 4500K region is always greater than in the 6000A region and is more compar- -~ |
able to the peak brightness temperature of the NaD-lines (even though these lines
are self absorbed near their centers). This would indicate that the particles
and the gas are c§ about the temperature and the emissivity of the particles

is higher at 4SO0A than at 6000R. More can be said about the AlL-KC10, system
vhen calibration of the film is completed.

2¢

roughly measured. - The aluminum emissivity 1s approximately 0.26 and the zirconium

Time resolved spectra have been taken of Al, Bf, Zr, and Nd reacting with ~.J
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: Mecmrement or niﬂtx and True Temperature - Single-double path measure-
ments: Temperatures determined by phototubes sighted on & radiation source are -
brightness temperatures, or, the temperature at which a blackbody would be an .
" equivalent radiation source. Measuring the true temperature of a source requires
that the emissivity be known. There 1s evidence from the brightness tempsratwre
data taken thus far at both large pressures and at one atmosphere, that the
emigsivity of the luminous cloud is low. If this is indeed the case, it would

indicate that additives to modify the emissivity should bde glven considerstion. .

To measure the true temperature of the flash reacticn an apparatus vas set
up to perform single-double path measurements.

The set up is shown in Figure 18. .

that a spherical mirror and a light chopper have been added behind the flash.
The spherical mirror is set at a distance from the chemical reaction equal to
its radius of curvature sc as to form an image at the focal point of the lens .
system. The phototube now responds to an alternating signal consisting firot ’
of radiation directly from the flash and then, when the chopper opens the opt:lco.l
path to the mirror, radiation directly from the flash plus radiation from the .
flash that has been attenuated by reflection from the mirror and by traveling
through the luminous cloud. The equations for the single-double path

ocess
can be easily set down and solved if light scatterings is neglected. (The left
hand side of the equations is Wien's approximation to P].gnk'l lavw -
Single Path
. -5 : . ,
C a 7\ . - _r h L ) . ’
1(077\1., .‘ o ( ‘ - o (1)
Double Path

.5 -
[Ea—}}f—} =T (| 1“'")(; PLB‘L) (2)

i
Solving the two equationl for the two unknowns, Ep and 'l'r, it s found. thlt l

-¥ . = ca/m(r - "% Y]-
€rz(l-< GL):II - W?.‘Pﬂmﬁ '/rﬂ. - (3) .
o oow ]

and

Tz oi/tye +(7\ ﬂme;)/cd -
Scattering of light may be of importance to the eniuive properties of tho
cloud and can make the determination of emissivity much more difficult. The
simplest analysis that can be made of a situation involving light scsttering
would be to assume that all scattered radiation leaves the optical path to the

sensor and negligible light is scattered into the path. In this case the equa-
tions are: . : Co

Single Path

) (s)
[:%177}\;?. 20T, (x.'x VIRERSUMAR)
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~ other optical depths. As stated before, the object was merely to measure the . - |

" NA-GA-105.

Double Path
2

[i' bn]-2Jﬁ”(?%i;m'%f‘(&d.)(.)][pmf{-.(g‘,g,),_}]‘“. (6)',' .

These aquations cannot be solved rigorously because. they contain three
unknowns ¥, , §; , and Tp. Comparing the equations 1 and 2 and 5 and 6 it can .
be seen that the solution for Ep from equations 1 and 2 diminished by ¥, /(1.4-3‘),

_when equations 5 and 6 are used (the change from. . to in the exponential
terms is of no consequence mmerically). The equations 5 and 6 are approxima-
tions to the rigorous solution of the multiple scattering problem and are :
valid vhen¥a>> X, (3). The relative size of Ja ‘and ¥ , the absorption and
scattering cross sections, ¢an be rigorously calculated for a certain wavelength -
by use of Mie's theory. . One must know, however, the complex refractive index of
the material and the particle sizes. Neither of these quantities is knowm..

Single and double path measurements have been made dur flaghes of Al, Zv,’
and Hf with KC10, at the wavelengths 4500A, SO00A, and 6000X. With a chopper
frequency of 1003 to 2000 cycles per second there was no great difficulty in
distinguishing the alternating signal output of the phototube from random
variations in the light output of the flash process. A typical phototube response |
during single-double path measurements is shown in Figure 19.as displayed on a
CRT. The lower trace is the chopper frequency detected by a phototransistor ---
light source combination described in connection with the time resolved spectra. l

Since the flashes investigated were set off on a flat plate, the.optical
path length of the luminous cloud as well as the mass of material in the.optical’
path are unknown. The results of these experiments could not be used for the -
prediction of emissivity of radiating clouds of similar particles viewed at

true flash temperature.

It vas usually observed that the opacity of the luminous cloud increased
vith time and in some cases became completely opaque (radiation from the re-
flecting mirror didn't penetrate the cloud) during the latter portion of the

" Some experimentg were performed in which the phototube and lens was set. at
a slight angle (~ 20°) to the direction of the reflected light from the
spherical mirror -- this wvas done to see if scattered rsdiation from the bvack- .
ground source could be detected. None vas detected. The solid angle viewed by
the phototube was very small (0.00464F stersdians) and scattered radiation would

have been difficult to pick up and distinguish from rediation directly from the

Because of the small solid angle viewed by the phototube it ami L
reasonable to expect that a narrow beam of radiation from a source placed ™ '~
behind -thc_f}.uh would obey the Bouger-lambert lav:I,.r = I;., 4% ‘{_“‘,x‘)t} )

The data gathered using the single-doudble path technique are compiled im .
TeblelI along with the calculated adiabatic flams temperature of the metals
reacting with NaCl0,. Potassium vas not on the data tapes used in the compwta-
tions).. The emissivities and temperatures tabulated vere calculated usiag :
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Table 11

MEASURED “EMISSIVITY’’ AND “TRUE TEMPERATURES”’
FROM SINGLE-DOUBLE PATH EXPERIMENTS

4500 A 5000 A 6000 A
E T E T E T
H - KClOg | 0.86 - 3640°K | 0.628 - 3655°K | 0.9 - 38500°K
0.90 - 3625 0.81 - 8720
0.73 - 3710 0.83 - 3720
Al - xclog | 0.67 - 3390 0.86 - 3310 0.80 - 3307
zr - Kclo, | 0.6 - 3670 0.79 - 3390
0.73 - 3438
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Figure 19, Phototube Output Single-Double Path Measurement




NORTH AMERICAN AVIATION, INC.
. INTERNATIONAL AIRFORT :
LOS ANGELES 9, CALIFORNIA

. examined more fully in the future.

oo

‘equations 1 and 2, that is, using the sssumption thstb’. 77.8,; There 14 scme
. doubt about the importance of soattering and the matter will have to be

. Emission ctra - Enission spectra bave been taken of the reactiom of
stoichiometric ures. of K010, and aluminum, zirconium, hafnium, lanthemum
and neodymium povder. no.ppoc%u were taken using the Bausch and Iomdb 1.3
‘meter specirometer with Kodak 103F film and covered the region from 3660K to
about TOOOR. Most of the band structures cbserved nave been identified as
being due to metal oxides (AlO, Zr0, H?0, Ia0) using the tabulation of Pearse
and Geydon (2). .The spectra are shown in Figures 20 and 21 with the metal
oxide bands labeled. The band structure of HfO has not been analyzed and only :
the location of prominent band heads listed by Pearse and Gaydon (2) are pointed
out in that figure. : S ' IR .

, Additives - Neodymium was included in a 1list of possible reactants primarily
because it was expected that the rare earths might emit in the region whers rare
earth dopants in the lattices of lasers would have absorption bands. Hopefully,
rare earth additives would modify or tailor the spectral emission characteristics
of the chemical flash. Spectra of the NA-KC10) flash reaction were taken and
found to contain only continuum radiation from solid particles and a mumber of
fine lines attributable to Nd vapor or impurities (see Figure 22 film II exposure
B). HNone of the NAO emission bands listed by Pearse and Gaydon (2) could be
identified. There vas no evidence of higher emission in spectral regions wvhere -
N in glass lasers can be pumped. : _ : - - ‘

. Neodymium addition was tried in zirconium and aluminum powder flashes to o |
see if the emissive characteristics of the flash reactions could be tailored. . .|
The spectra taken appear in Figure 22. It was found that small amounts of " f
in Zr resulted in a large reduction or disappearance of the band structure of . 1
Zr0; the emission 1is mostly continuum and resembles that of the Nd-KClO, flash
in its lack of band structure. Also shown in Figure 22 is the spectrum of Al- .
KC10; with and without NA addition. Addition of about 20 per cent by weight of
Nd-KC10) to Al-KCl0) did not abscure the AlO bend nrﬁture and_produced some
identirfable band structure of NAO extending from 5971R to 66298. There also -
appeared to be & slight enhancement of continuum radistion in the red; this
enhancement however, is not in the Nd glass laser pumping bands.

Probably the boiling point of Zr0, is high enough so that additives result- Ii
ing in ® lowering of the flaie temperature greatly reduce the amount of ZrO.
vapor present. This colder burning mixture will then exhibit & much reduced .
oxide band structure. The aluminum burns mostly in the vapor phase and the ,
flame temperature of Al-KC1Oj mixture is closer to the measured temperature of - ?
N4-KC10j, so that the cooling effect of Nd 1s less.  The MA0O bands are not visidle
in the girconium metal flashes because the contimmm rediation is intense enough
to obsocure them.. : - - -

Scme spectra bave been taken of flash reacticas of Al and KC10, to vhieh ‘
Bali0, had been added. This was done because n-.uo3 has been re by Ploatimmy |
to e the brightness temperature of Al-KClO '

flash bombs. The “3 is
iteelf an oxidizer and is supposed to be an effective catalyst for KC1O
decomposition to XC1 (M), An emission spectrum of a O per cent Al-30 sur cent

moy-ppcmun,mummmqa-mmucmnam
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-mtmcfn-mlo » The main 4ifference bdetween tvo is the band strusture :
of 3a0l centered at 5136, 5139.9, 5240.5 and 5320,8K (BaO bands are not visidle). |
The increased brightness temperature might de attributed to the added emission: .
of the BaCl bands, but is more likely due to increased reacticn rates becsuse of .|
‘ the catalysis of xcmk Mconouuon. _ ,
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. under low pressure conditions.

- tion of the proposed techniques.

Bection IV
NONBQUILIERTUM 'swnnj

Equilibriun is defined as thc condition ror which no potential cxintlf :

for changing the energy distribution. All other conditions m noncquui-
brium conditions. . o

.By the d.cﬁnition of noncquilibri\m, it is scen thn.t many difterent - . |
encry modes may be in nonequilibrium. Radiation is generally not im
equilibrium; it is usually deficient in energy. 'Chemical equilibrium
generally does not exist unless the system is at high temperature; the: 1
chemical system usually has an excess of energy. . Electronic, vibratiomal, - |
rotational, and kinetic energy modes are generally in equilibrium except ‘
Our problem is to teke the chemical nom-
equilibrium and convert the -excess energ to rad.iction of a specified.
frequency range.

To convert chemical energy to radia.tion, mimy dirfcrcnt techniques
are available. These techniques take the energy of the chemicel system
‘and transform it one or more times to finally obtain radiation. Each
energy transformation is limited by the lLaws of radiation and thermody- .
namics, which allows us to put limits on the efficiency of transforma-

The occurrence of noncquilibrium and tcchniqucs of use are uu.‘l,vnd.
for guida.nce in the pumping progran

Theoretical Pases

The bases for an analysis of the radiation and thermodynemic laws.
In particular the consicerations of interest here are: blackbody radie~
tion (5), emissivity (S), theoretical flame temperatures (6), entropy
(7), and equilibrium energy distribution (8). Since these topics are
covered adequctely in the literature, only the final eq\utiou are given.

Black body radiation is dcscribed by Planck's equatiom.

FAGE s'rrw‘/cm(hcv/n) -]

vhere R

o is energy density at the frequency 9 (mw in vave -ﬂon
per cm).

The superscript zero indicates blackbody Dcﬂ.u.ng tllo

Ry = c‘\) Rp/‘l
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' mﬁ;utiu over the frequency gives.

0\02 O,Tﬂ .

" gor the totel radistion energy for all vave lengths. -

The emissivity is defined as .
: R=€R

,I‘.@w z &y ‘R‘-o

pe

for the totel emissivity € or the spectral emissivity €, . The emissi- .

vity, € , rcﬂoqtivit;(, r, and scattering coefficient,s, are nhtod

2 E+res
or. L It tReSy ,
Often §= 5, 0 and the scattering is ignored. S

Theoretical flame tewperatures are calculated by 1) ‘wass balance
equations, 2) enthalpy balance equation, pressure balance equstion, and -
h‘}“equilibrium constents. These equations are all that are needed to .

gpecify the system. Since equilibrium is assumed, complete combustion 18

sssumed. Since an entbalpy balance 1s assumed, an adiabatic system is
pssumed. (While not used, the flame temperature at constant volume can
be calculated by replacing the enthalpy by the internal energy and pres-
sure by density.) o : : :

The entropy is important for determining the limits on energy com-
yersion if an isentropic process occurs, the equilibrium conditions hold.

Thus, in an isentropic radistion process, the blackbody limit is imposed.
The entropy is defined _ '

a8 = 48, + 481

S

vhere T indicates reversible and 1 irreversible Q is an artificial
varisble to make both terws formally the sems. The definition of 4Q is

L, .
In other vords, an irreversible change is sccompanied by a decreass ia

{nternal energy. The implications of this statement are smplified. during

the discussiom on tapping.
The Boltzasn Qmm 3distribution is given as

mi 2N Wi s (-€2/AT) JRE
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vhere n;is the populstion of state 1, w; 1s the statistical weight of state
1, and B;is its energy level. Ignoring negligible quantum effects, this
gives the equilibrium distribution. . Conversely givea ny, a temperature for
the state is defined. The energy levels arve for any mode--kinetis, rote-
tional, vidrational, or electronic. - . : L

Nonequilibrium State

S8ince nonequilibrium is defined as not et equilibrium, there are many
and varied nonequilibrium conditions. In a nonequilibrium comditiom,
there is s driving force or potential that will tend to equilibrate the
systems. To use the nonequilibrium poteéntial for laser pumping, poten- - i
tial must be converted to radiation in a spectral band.. This is the objec- I

tive of this study.

B i &
e, o A e S, YR AR T -

‘Nonequilibrium exists as frozen composition (as mixing zirconium and

KC104 at room temperature), radiative nonequilibrium, excess excitation of
energy levels (often occurs because of chemi-excitation), hot spots, and
underexcited energy levels (giving a higher kinetic temperature). 'Since

" hot spots and underexcitation are characteristic of low pressure systems
(and hence poor radiative systems), these modes of nonequilibrium are not
discussed further. In addition frozen composition is the typical for
chemical reactions. The only phase of interest to this study is the

energy output. and combustion efficiency. Thus the nonequilibrium aspect
C; is not discussed. T . :

‘Rsdiation

There are a fumber of problems associsted with radiation. The ones of

‘ | interest in this study are emissivity, optical depth, and chemiluminescence. |
' While important, emissivity and optical depth are not discussed in this - *
section. Chemiluminescence is the basis for tailoring and tapping energy !
of chemical reactions. In a chemical reaction, the energy released goes |
into kinetic, rotational, vibrational, and electronic energy. Generally, i
the energy goes to exciting the wolecule rather than kinetic energy as: ;

o+H+M—p-og" + ¥ -

Thus edﬂy excited species are mich more effective third bodies than moma- |
tomic species. Since excitation ie the primary path of a reaction, our '
problem 1s to tap this energy before it converts to kinetic emergy. '

The temperature of the excited state can be calculated from the -
distribution - '

|

. : b

E:/KT = &n (N/ma) L : E
|

This tempersture (which is not the kinetic temperature) comntrols the
rediation equilibrium--assuming no absorption in the surrounding gas.
As such, it sppears that the black body radiation limit for the redisting
g gss 1s unimportant. A wore serious problem can occur from & mamtle of

L | | | i
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nonexcited gas surrounding the rediating ges. o
Nverexcitation

Excitation can ocour by thermal excitation, exaitation transfer, and
chemical resction. In thermal excitation, the excitation is in equili.
brium with the kinetic tempersture. This produces the normal excitation
for comparison. It becomes overexcitation only when the kinetic tempers~
ture decreases rapdily--which does not occur in our system. In excite~-
tion transfer, the excitation energy is transferred fiom one specis to
another. This is the mechanism for tailoring rediation, but mrexcitltion
is not produced this way, only transferred. Chemical excitation is the
only method for production of overexcitation in our system. In a chemical
reaction, the chemical energy is converted into excitation energy and :
kinetic energy. The usual conservation laws (ma.ss, mowentum, angular
momentum, spin, and energy) hold for collision in which a chemical reaction
occurs (9). Since momentum is a vector quantity, it is possible that all
the energy can be converted to kinetic energy by a superelastic coll_.sion.
The cross section for the various collisions, must be obtained to gin
the ratio of excitation to kinetic energy. However, in almost every
reaction studied for excitation, it has been found. This is the source
of nonequ:llibrim excitation in our system.

Techniques .

In ta.pping or tailoring rad:lation. a high emissivity material 1: used
as a dopant. In tailoring the radiation, the emission is raised toward
the black body limit for the kinetic temperature. In tapping, the energy
of excitation is converted to radiatior. If the excitation is at an
effective temperature higher than the kinetic temperature, the radiation
cen be above the black body limit for the kinetic temperature. The limit.
ing temperature in all cases is the effective temperature of the perti-

nent process. (Unfortunately, this 13 many times the cool outer portions
of the combustion.)

As dopants, metals, salts (with strong dipoles), and fluorescent
s0lids are considered. If the fluorescent solid will work, it appears
to be the best choice. The energy of condensation should be easily tapped.
The emitted radiation is less likely to be reabsorbed, and most fluores-
cents are radlators, Possibly it will not be able to take the conditions
of the combustion. Since the total combustion time 1s short, there is a
chance that the fluorescent solid can survive. =

If the fluorescent 80lid will not work, metals and u.ltl will bo
tried as dopant.  Both are strong gaseous radiators. There is a possi-
bility that, since the condensation is the energetic reaction, gaseous
species will not be able to tap the system. Thus an experimental prograa

‘418 essential for testing the systewms.
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Candidate Systeus ,
Calculations were run for aluminum and potassium perchlorste, and for

.zirconi\m and potassium perchlorate. Adiabatic flame temporcturu for

tha tvo systems are about 5000°K and 5500°K respectively !t stmospherss
lgre This gives a radistion intensity of 2.31 x 10°¢ €/p and 3.59
x 10°° €/Pxcal/gm in the visible. (The density converts to mass from the

" area radistion to make tha units compu.ra'ble to the excess energy at lower
: tcmratunl.) '

If we allow the systema to combust a:t. one atmosphere at a temperature
sufficiently high for good combustion (2700K for Al and 3000 for Zr),
there is considerable excess energy. It amounts to 5.k kca.l/gu for the
alumimm and 0.99 kcal/sm for zirconium.

Looking at the thermochemical da.ta,, only beryllium, 'boron, and lithium
appear to be comparable to almnimm. This easiest system to handle is -
one of the best.

Most metsls are good. radiators as are fluorescent materials. Thus ’
the main interest is to select the correct radiation bands. Examples of

‘metals are Ti, Y, Ag, Cu, Ba, T1, and Hg. Since we are interested in

the metal and not a compound, the metal should be relatively inactive.
All except barium in the sbove list are less active thu.n alumimm.

Typical phosphors that radiate 1n the correct spectral region are
ZngSi0,: Mn, ZnSt Ag: Cu, Zng BeS1 : Mn, and MgS: Sb. In addition,
a short persistence and high éatura 1on density are desired. Of the
1listed fluorescent materials, ZnS: Ag: Cu has a long persistence.

Salts that huve la.rge dipole moments are usually good radiators.
Since transition probabilities are hard to come by, initial acreening is
by dipole moments. In general, large dipole moments occur in polystomic
wolecules--which have only a limited spectral analysis. Thus the screen-
ing on molecules will be the heavy metal chlorides and fluorides. It is
hoped that augmentation will occur with these salts.
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