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SUMMARY

The goal of our work under the present contract is to develop
preliminary designs of upper atmospheric packages to release Al and Fe
(emphasizing Al). The Flashbulb technique, under current investigation, has
been previously shown! via thermochemical equilibrium calculations to be
capable of producing large yields of Al and Fe. An experimental program to
determine whether or not these large yields can be practically achieved is in
progress. During this report period atomic absorption spectroscopy equip -
ment was set up in the Atlantic Research Corporation vacuum tank for direct
measurement of atomic Al and Fe vapor concentrations following Flashbulb
releases. lnitial small-scale tests to establish feasibility of the technique
were unsuccessful. (Measured yields were negligibly small.) However,
after consultation with outside experts in solid propellant and pyrotechnic
combustion it is believed that changes in mixture formulation to account for
the chemical kinetic parameters controlling the combustion process may
result in successful Flashbulb releases. These changes include: smaller A
particle diameiers (from 50 p to 2 - 10 #); smaller Zr particle diameters
from 10 - 25 p to 2 p); the addition of hydrocarbon binders (e.g. PBAA and
PBAN) and combustion modifiers (e.g. FesO3, Crp0;5). These new formula -
tions will be tested, within the next few months, via absorption spectroscopy
measurements of atomic Al vapor concentrations and collection (of combus -
tion products) techniques in facilities to be set up at AeroChem. In addition
to the above measurements, alternate techniques to release Al will be investi-
gated, including; (i) the pyrolysis of some Al-containing alkyl (e.g. TMA)
using a packaged liquid propellant-type motor as a heat source, (ii) the use
of thermite mixtures (e.g. AlL,Os + Zr) and (iii) the use of a combustible mix-
ture to vaporize an Al container.

The results of preliminary upper atmosphere release package design
studies are presented in this report; these include: a parametric series of
thermochemical equilibrium calculations, pressure-time history calculations
following steady burning and explosive releases and estimates of the position
of atomic Fe vapor condensation onset during the expansion of Flashbulb
combustion products to ambient pressure. Results of the latter calculations
show that homogeneous nucleation will be "frozen' for Flashbulb combustion
pressures less than about 10 atm.
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This is the first semi-annual report on Contract ¥30602-72-C-0420,
covering the period 15 May through 31 December 1972. The authors grate -
fully acknowledge the contributions of A. Macek, S. Scheffee and J. Blevins
of Atlantic Research Corporation in helping to formulate the Flashbulb mix-
tires and obtain the vacuum tank test data.
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I. MEASUREMENTS OF ATOMIC METAL VAPOR YIELDS

A. Experimental Setup in ARC Vacuum Tank

Firings of Flashbulb mixtures of Zr/oxidizer (potassium or ammonium
perchlorate)/release metal (Al or Fe) were carried out in the Atlantic Research
Corporation high altitude flight facility. The facility comprises an 8 m long
cylindrical (1.8 m diam) tank which is evacuated by a five stage steam ejector
pumping system. For the firings reported here, at most three stages were
operable. This limited the pressures attainable to *3 Torr with three stages
operating; = .4 Torr, two stages; ana = 100 Torr, one stage.

Figure 1 shows a schematic of the experimental arrangement. The
release package (12)* is horizontally mounted on the axis of the tank at various
distances, S, from the transverse analyzing light beam. A 60 cm long cylindri -
cal (15 cm diam) iron pipe shroud (10) holds the release package in a stream of
flowing nitrogen purge gas in order to exclude ambient air from mixing with the
release products. Ambient oxygen would significantly reduce the observed
metal vapor yield by the (fast) reaction, e.g. Al + O, = AlO + 0.? Alternatively,
the entire vacuum tank can be flushed with nitrogen through a 25 ¢cm diam porous
plug (15) in the rear wall of the chamber. When this method of purging is used,
the rear flange of the shroud is removed.

B. Atomic Absorption Spectroscopy (AAS) Measurements

1. Experimental

The metal vapor yield measurements are made using atomic absorption
spectroscopy. The plume of the burning release (13) intersects a collimated
light beam from a hollow cathode lamp (1). The metal resonance line and a Ne
line (585.2nm) also emitted by the source are simultaneously monitored using a
beam splitter (3) and two monochromators (4) and (5). The light beam is mechan-
ically chopped at 2kHz(2), and the output signals from the monochromator -
mounted photomultiplier tubes (PMTs) are detected using phase-sensitive ampli-
fiers (6) and (7). The net metal atom absorption is obtained as the difference
between the attenuation at the metal atom wavelength due to metal atoms plus
particulates and the attenuation at the Ne wavelength due to particulates alone. In
addition to eliminating the effect of particulate attenuation, this method of differ -
ential phase sensitive detection rejects unmodulated background emission levels
arising from the highly luminous release vapor of up to 1000 times greater than
the lamp intensity.

Numbers in parentheses in the text refer to Fig. 1
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The metal atom yield measurement by AAS is similar to that used
in a portion of the Max Planck Institut (MPI) studies on barium releases.3
However, the MPI studies were made using dc methods, and the net absorption
was obtained by subtraction after the experiment. The effect of background
emission from the lower temperature Ba thermite releases® was (unlike
the present experiments) apparently negligible and could be ignored. The
discrimination and '"real-time'' data processing capabilities of differential
phase-sensitive detection make this method far more suitable for the purposes
of the present program than any dc method.

2. Data Reduction

Figure 2 shows tracings of the oscilloscope photographs obtained in
release No. 10 (see Table I). The calibration traces (a) for the metal atom
(bottom trace) and Ne resonance lines (top trace) give the range of observable
absorption. The various sections of the calibration traces are obtained as
follows: (1) no absorption in either metal resonance line or Ne line; (2) total
absorption of the metal resonance line (monochromator slits closed--note
that the Ne line trace is unaffected); (3) total absorption of both the metal
resonance line and the Ne line (both monochromator slits closed; note that
the metal line attenuation goes to zero--this will be discussed below). After
these traces are obtained, the mwonochromator slits are re-opened and the
release is ignited. The experimental traces (b) are begun = 1 sec before
ignition and show zero absorption (4) for comparison with the calibration
trace. The observed deflection of the metal resonance line in trace (b) is
then compared with maximum observable deflection from trace (a) and the
fractional transmission I/I; is obtained, where Iy is the maximum deflection
obtained from trace {a) and I is the deflection (measured from 100 % absorp-
tion) obtained from trace (b). The numbers are normalized to an arbitrary
scale determined by the maximum deflection of trace (a).

a. Scaling Methods - The fractional transmission can be related to
the local number density of metal atoms, N, in the light beam by methods to
be described (in b.) below. N is then scaled in the following manner to obtain
the total number of atoms released. Assuming that the release plume is
approximately a right circular cylinder and that the gas velocity is axial with
no transverse components, account is first taken of the fact that only a frac-
tion of the atoms produced pass through the light beam and are observed.

This (geometric) scaling factor is the ratio of the volume of the light beam in
the release plume to the volume of the cylinder swept out by rotating the light

beam about the axis of the release plume,
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T wil
Atoms detected L _ W
Atoms produced ] g
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where w is the diamet=r of the light beam (2.5 c¢m for these experiments)
and ! is the optical path through the release plume (see Fig. 3). Second,
account is taken of the fact that the measured absorption corresponds to the
density in the absorbing path for only a tinic period equal to the gas flow time
(i.e. time for an atom to traversce the light beam). Since the release formula-
tion burns for a much longer time a (temporal) scaling factor is formulated
which is the ratio of the flow time to the burning time.

Flow time i Vg

Burning time = ty

where v, is the gas velocity in the plume and t is the release burning time.
Finally,bwe convert the number density (ml "1} to the total number of atoms
produced by rnultiplying by the observation volume, mw?{/4. These scaling
factors result in the following expression for ng ;. the total number of atoms
released as vapor,

Ji 4vg Twil
=~ (3 = ] . = . 2
Btot ! (w) ( nw) b 4 LUl Vgtb

In this expression, £ is obtained irom a visual estimate of the luminous plume
diameter at the optic axis; v, is calculated from a gas dynamic analysis of
the release plume; and t,, is taken directly from the experimental oscillo-
scope trace (cf. Fig. 2, Trace b).

b. Calculation of Number Density from Observed Absorption - In
this section we present the relationships between the measured light absorp-
tion and the number density, N. Two cases, low (< 10'®> m17!) and high
(> 10! ml1!) atom densities will be distinguished. In these regimes the absorp-
tion processes differ, and consequently the experimental methods and analy-
ses are different. For the purposes of our experiments, the measurement of
low atom densities is in the nature of a feasibility demonstration. A success-
ful release cshould yield metal atom densities in excess of the lin.t of validity
of the low density (resonance line absorption) measurement technique. We
present below the analysis to derive N from a resonance line absorption mca-
surement, discuss the limitations of this technique, and describe the method




we will use for measuring large metal atom densities.

(1) Low Densities - For a resonance line source the Beer-
Lambert law gives the relationship between fractional light

transmission, I/I,, through an absorbing path of length £,
and the density of absorbers, N:

/1y

exp(-k N £) (1)

1

N = in(l/D) (%)

where k is the resonance line absorption coefficient at the
line center given by the well-known* formula

9
(nM)/z. e?f
RT me VO

where vy is the absorption line frequency, f, the absorption
oscillator strength, e and m,, the electronic charge and
mass, respectively, M, the atomic mass of the absorber,
R, the universal gas constant, and T, the absolute tempera-
ture. Substituting the values for the 371.9 nm Fe line and
the 396.2 nm Al line,’ we obtain

4.6 x 101
Np, = (1“) In (I/1)

3.7 X 0!
NAI = (—-—T——) £n (10/1)

Only these first ord>r relationships are used to determine
N because of the limited purpose of the resonance line mea-
surements and because of the limitations on the validity of
the method,discussed below.

Basically, resonance line absorption is aninvalid technique
for determining atom densities when the absorption linewidth
becomes dependent on atom concentration. This occurs at high
absorber densities where interactions between the absorbing
atoms broaden the absorption line (i.e., Holtzmark broaden-
ing) and overwhelm density-independent mechanisms (Doppler
and natural broadening). For Al, the densities at which Holtz -
mark broadening begin to dominate the linewidth® are = 105 ml !
for the strong 396.2 nm line and = 10'® ml™! for the ‘
219.9 nm line which corresponds to one of the weakest

Fnadd. | o T S L



(2)

transitions from the ground state. We note that, although
the ratio* of the f-numbers of these transitions is = 102,
only a factor of 10 in range is gained by using the weaker
line because the onset of Holtzmark broadening is, to a
first approximation, proportional®’ to f¥2,

Furthermore, above 90% absorption, large concentra-
tion changes yield only small changes in the percentage
absorption, and the measurement of these small changes
becomes increasingly inaccurate (e.g. the 5% increase in
absorption between 90 and 95% corresponds to a 30%
increase in atom density). Taking 90% absorption as an
experimental upper limit, the maximum Al atom densities
which can be reliably measured across a 1 cm path by line
absorption are = 10" ml1™! at 396.2 nm and = 10'® ml-! at
219.9 nm.

High Densities - To measure atom densities in excess of
10! m1™! we take advantage of the Holtzmark broadening of
the absorption line. A continuum source is used, and a
variable bandpass monochromator is set at the metal atom
resonance line. The bandpass of the monochromator is
adjusted to the maximum expected metal linewidth (e. g.

= 0.5 nm half width at [Al] = 10'" and X\ = 396.2 nm)and the
absorption is measured in the same manner as the resonance
line source. (As before, the second monochromator views
the light source at a non-resonance wavelength, and the net
metal atom absorption is obtained using differential amplifica-
tion.) Setting the monochromator resolution equal to or

just larger than the anticipated linewidth allows the entire
absorption band to be detected (i.e., with a continuum
source, absorption is measured throughout the entire band-
width as opposed to a line source where absorption is mea-
sured only at the band center). Since the total transition
moment remains constant (independent of linewidth), the
absorption again follows the Beer-Lambert law, Eq. (1).

For analyzing these measurements, we use the absorp-
tion coefficient, ky, for Holtzmark broadening given by
Brunne:®

2
Ky = (;‘23) vy + AN AGH/(AN)? (2)
(]

where c is the velocity of light; Ay, the resonance line center
wavelength; AN = X\, - \; YN the natural damping constant;




%2
and A . 1.92 e®\/m, c(gu/gl) % where g, and gy are the
statistical weights of the upper and lower states, respec-
tively. The Beer-Lambert law is now written as

o

/I, = go exp(- kyy N£)dN (3)

where the integration over wavelength is performed to
account for the finite width of the absorption line. In addi-
tion, since the transmission of the monochromator is not
censtant across the absorption linewidth, a slit function
must be used to weight the expression for net absorption.
We have approximated the triangular slit function, S, of
our monochro.nator by a gaussian

2.345 1 £2.345AN\2
S(R,A\) = exp[- S| —— ] (4)
(2nY?R 2( R )

where R is the nominal resolution of the monochromator
(reciprocal dispersion X slit width), 0.5 nm halfwidth.
Equation (2) now becomes

«©

/L, = Lo exp( - ky NL)*S(R,AN)dAN (3a)

Figure 4 shows the results of calculations of this integral
for path lengths, £, of 1, 10, and 25 cm. This figure will
be used to obtain N from measured values of I/I; and the
estimated path length,

Finally, we note that for both the resonance and
Holtzmark absorption calculations it has been implicitly
assumed that the absorber density is uniform across the
light path, £. For resonance line absorption, this assump-
tion is immaterial because the nature of the absorption pro-
cess is density-independent. On the other hand, the onset
of Holtzmark broadening and the broadened linewidth are
both density-dependent. Explicit forms for N(£), obtained
from a gas dynamic analysis of the release plume, should
therefore be used in Eqs. (2) and (3a).
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C. Test Results

Twenty-six firings were made in the ARC vacuum tank in an effort
to demonstrate initial feasibility (15 contained Al and the remainder, Fe) of
the Flashbulb techrnique. Twenty-four firings were made as strand-type burns
at ambient (tank) pressure; the other two were made using nozzles to fix the
combustion pressure at 1 atm. Initially, firings were made using KC10,
oxidizer (5 firings). NH,ClO, was later found to have more controllable burn-
ing characteristics and it was used for the remaining tests. In addition, for
the reasons cited previously, after the first 5 firings the N, shroud was
incorporated.

Table I contains a summary of all the tests. Atomic metal vapor
yield data were obtained in only 11 firings because of the various experimental
problems listed in the table.* As noted in Table I, the measured yields are
negligibly small--on the order of 107% to 10™* %--and no meaningful trends (e.g.
variation in yield with combustion pressure, mixture mass, etc.), can be
observed. However, it should be pointed out that these initial tests were per-
formed in a rather non-systematic manner in the hope of demonstrating small-
scale feasibility of the Flashbulb technique directly without undertaking a solid
propeliant (or pyrotechnic) type development program. The results in Table I
clearly show the pitfalls of this approach.

These problems included failure to ignite, poor synchronization of the
measurement trace with the burn period because of ignition delay, over-
loading of the discrimination capability of the tuned amplifier due to high
plume luminosity, 100 % attenuation of the light beam due to particulates
and saturation of the detection electronics due to high light levels. All
of these problems are amenable to direct solutions and pose no insur-
mountable difficulties. The most serious interferences with the measure-
ments are the high plume luminosity and/or 100 % attenuation due to
particulates; both of these problems can be solved by increasing the dis-
tance from the release to the optic axis and/or decreasing the effective
optical path by means of baffles.
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II. FURTHER TESTING OF FLASHBULB
AND ALTERNATE RELEASE TECHNIQUES

A. Flashbulb: Al* Releases

After an in-house review of the test data and consultation with outside
expert:sT in solid propellant and pyrotechnic combustion it has become clear
that more consideration should have been given to basic chemical kinetic
parameters and internal ballistics of the burning release, and that such factors
as metal particle size, particle residence time in the hot gas zone, amount of
gas produced, heat losses, etc., were the limiting parameters in these tests.
We therefore plan to continue testing the Flashbulb concept, in test facilities
at AeroChem, with significant modifications in mixture formulation, including
the use of (i) smaller Al particle diarmeters (2-10u) than were used during the
ARC tests, (ii) smaller Zr particle diameter (21) than previously used,

(iii) hydrocarbon binders, and (iv) combustion modifiers.

1. Formulation

A series of Flashbulb mixtures (ranging in size from 10 to about
100 g) will be formulated for testing at AeroChem. The parameters to be
varied in the formulation are:

Zr particle size: 2u
Al particle size: from 2 to 10
Wt. % Al: =5t025%
Binders: (=510 10 wt. %) e.g.
PBAA -polybutadiene acrylic acid
PBAN-polybutadiene acrylic nitrite
Comls)usotion modifiers: (=1 wt. %) e.g. MnO,, Fe,;0;, Cr,0;,
R

These mixtures will be compounded at Picatinny Arsenal, Dover, N.J.

Only Al will be released for the remainder of this program, since it
appears to be more important than Fe for practical applicatiors.,

1 Prof. I. Glassman (Princeton University), E. Price (Naval Weapons
Center), Prof. D.E. Rosner (Yale University) and several personnel at
Picatinny Arsenal.
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Because of the small release packages to be tested, heat losses will

be larger and residence times smaller than in full scale releases; thus we do
not expect the test results to approach the thermodnamically predicted yields.
Atomic metal vapor yields of about 1% from the small scale packages would

be considered acceptable to demonstrate feasibility of the technique for use in
full scale (say 20 kg) upper atmospheric releases. If acceptable yields are
obtained, a scale model test program will be required to develop full scale
upper atmospheric release packages. If, however, yields of about 1% cannot
be achieved by a suitable combination of the formulation parameters, the Flash-
bulb technique will be declared dead, and our efforts will switch to the most
promising alternate release technique (see below).

2,

Test Facilities at AeroChen}-

a.

Small Scale Vacuum Tank - An existing vacuuin system will be
modified for testing release packages of upto 10 g. It will con-
sist of a 2.5' long, 10" diam stainless ste=l lower section (to hold
the release package) and an upper glass section 3' long, 1.5' diam
lined with Mo or st~rinless steel sheet, Optical imeasurements
will be made through ports located at the midpoint of the glass
portion; provision will also be made for collection of the release
products. The vacuum facility is pumped by a 300 cfm mechani-
cal pump and can attain ultimate pressures of ® 10 mTorr. Pro-
vision will be made for purging the facility with various inert
gases at known flow rates.

Larger Scale Atmospheric Pressure Facility - We plan to test
samples of up to 100 g. However, safety considerations and
pumping restrictions preclude testing these samples in the small
vacuum facility. We will therefore construct a simple, atmo-
spheric pressure flow tube flushed with Ar or N, to make yield
measurements on the larger samples via AAS. No essential
information about the atomic metal vapor yield is lost by working
at an ambient pressure of 1 atm. The combustion pressure and
particle residence times will be controlled by the orifice dia-
meter and canister configuration. No information about netal
vapor condensation during expansion of the exhaust gases into
vacuum will, of course, be obtained from these tests. The flow
tube will be housed in an existing propellant test shed at Aero-
Chem and will be vented to the atmosphere.
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B. Alternate Release Techniques

Some alternate techniques considered for the release of atomic Al in
the upper atmosphere include: the use of thermite mixtures (e.g. ALLO3+ Zr)
use of a combustible mixture to vaporize an Al container, and the pyrolysis
of some Al-containing alkyl (e. g. TMA) usiug a packaged liquid propellant-
type motor as a heat source.

At this point the last scheme appears to be most promising on the
basis of thermochemical equilibrium calculations which show that at tempera
tures above about 2000 K almost all the Al in TMA is atomic Al vapor. How -
ever, there are many additional factors which must be taken into account, e. g.,

L. The liquid propellant combustion products should be non-oxidizing.

2. Can a practical method be found to inject TMA into the combustion
chamber?

3. Can the equilibrium concentration of atomic Al vapor be achieved
practically when TMA is injected into the chamber?

4.  What is the total payload required to release significantly large
amounts of Al?

Can we use existing packaged liquid propellant systems, or should

we consider e.g. cyanogen/oxygen flames, which produce very high
temperatures (= 4000 K) with very high ratios of [A1]/[A10]?

We plan to start investigating the practicality of this scheme immediately.

W Ty pe———



III. UPPER ATMOSPHERIC RELEASE DESIGN STUDIES

Two of the major problems in obtaining a large atomic metal vapor
cloud following an upper atmospheric release are, (i) to achieve large atomic
metal vapor concentrations at the pressure at which the vapors are produced
(for Flashbulb this is the combustion p-essure) and (ii) to prevent condensation
during the expansion of the metal vapors to ambient pressure. These prob-
lems are, of course, common to all releases and much of our work, particu-
larly nucleation/condensation effects, will be generally applicable and not
restricted to Flashbulb.

A. Formulation of Flashbulb Mixtures

Additional thermochemical equilibrium calculations have been made
to determine optimum combustion pressures and mixture ratios for maximum
atomic Al and Fe vapor yields. Figures 5 through 12 show atomic metal vapor
yields and combustion temperatures as a function of chariber pressure for
both KC10, and NH,C1O, oxidizers. The oxidizer was switched from KCIC, to
NH,C10, (see Section II) for several reasons: (i) the burning rate exponent*
was found (experimentally) to be reduced from unity to about 0.6, which there-
fore makes it possible to operate the mixture as a solid propellant (see e.g.
Ref. 8), i.e. in a closed canister--with an orifice (ii) much practical experi-
ence has been obtained with NH,ClO, as an oxidizer in propellants, and (iii) ion
concentrations are reduced when using NH C1O,4, thus reducing the rate of
heterogeneous nucleation (see Section D below).

Figures 5,7,9, and 11 show that the theoretical yield is a strong
function of both mixture ratio and combustion pressure, but is only slightly
affected by changing the oxidizer. A cross plot of the results at constant pres-
sure would show a peak in Al (and Fe) vapor yield; the value of n at which the
peak occurs depends on the pressure. On the other hand, at constant n, the
yield increases asymptotically to a maximum value as pressure decreases.
Combustion temperatures decrease with decreasing pressure and with increas-
ing values of n (because the release metal acts as an inert in this mixture).
These results can be used to perform design trade-off studies in which mixture
ratio and combustion pressure are the parameters.

B. Pressure-Time Histories

The pressure-time (or distance, inthe Lagrangian sense) history of
the metal vapors ~c they expand from .he Flashbulb combustion pressure to

Burning rate exponent i is defined from, r g pﬁ‘ wheie r is the burning
velocity and p is pressure.
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ambient pressure is important input data to the deter:nination of nucleation/
condensation rates. I.arger values of the pressure/time derivative and lower
absolute values of pressure generally favor lower nucleation rates and possi-
ble "freezing" of the homogeneous and heterogeneous nucleation processes.

In this section we show the results of pressure-time history calculations for
two potential release modes, i.e. steady burning and explosive releases. In
the steady burning release we envision the Flashbulb mixture burning in a
canister with a sonic orifice--venting to ambient for the total combustion

time (on the order of, say, 10 sec). Centerline pressures are computed
(assuming isentropic flow) from the Mach number distributinn along the center
line of a jet expanding into vacuum, as determined by Ashkenas and Sherman’
(see Fig. 13). In the explosive release the Flashbulb mixture is assumed to be
burned within a closed container (a "bomb") which would burst at a predeter -
mined combustion pressure. Typical combustion times would be on the order
of, say, 1 X103 sec. The vapor/particle cloud is then assumed to expand
sphericaily to ambient pressure with the limiting velocity,* (2/y-1)a, where a
is the local speed of sound.

Pressure-time histories are compared in Fig. 14 for both release
modes for initial (combustion) pressures of 1,10 and 100 atm. The initial
pressure drop for the steady burning release is attributable to the f.ct that the
pressure at the orifice is less than the combustion pressure by about a factor
of 2. However within a short time period the curves cross and the explosive
release is observed to expand more rapidly than the steady burning release.

It is pronable that explosive releases would generally have larger
combustion pressures than steady burning releases (for a fixed reiease mass)
because of size limitations. For example, Fig. 15 shows (hat to release a
20 kg Flashbulb mixture at a pressu-e of 100 atm requires a sphere 4 {t in
diameter to contain the combustion gases. A steady burning release, on the

other hand, could easily be operated at the same combustion pressure with a
canister of much smaller volume.

C. Homogeneous Nucleation

l. Experimental Data on Fe Condensation

The only available experimental data on condensation of Fe vapor in
expanding flowsT are those of Kung and Bauer.!® In their shock tube studies

% This is actually the velocity of the contact surface, which follows the
shock wave (formed by the explosion) into vacuum.

T No data are available on condensation of Al vapor in expanding flows.

12
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iron vapor was generated by thermal decomposition of 0.5 mole % Fe(CO)s in
Kr at an initial pressure of 50 Torr. Unsaturated Fe vapor was obtained
immediately downstream of the reflected shock at a temperature of approxi-
mately 2600 K. Typical data are shown in Fig. 16. The variation of monomer
number density deduced from the pressure trace (i.e. the monomer number
density for no condensation) is shown in curve 1. The cluster temperature
and gas temperature, deduced from emission traces, are given by curves g

} and 3, respectively. Curve 4 (emission trace) gives the number of Fe atoms
[ in the condensed phase, and curve 5, the difference between curves | and 4
shows the variation of the actual monomer concentration. The point of
""condensation onset' (which occurs approximately 1073 sec after arrival of
the expansion fan (point E)), as defined by the intersection of the dashed lines
extending from curve 4, is noted to fall very close to the point of 10% mono-
mer consumption.

The Kung and Bauer measurements!? provide important data for two
preliminary studies:

1. Estimation of the rate coefficient for the th-ree-body dimeriza-

tion reaction of Fe vapor

K
Fe + Fe + M — Fe, + M (1]

2. Development of a computational model for prediction of condensa-
tion onset following Flashbulb releases in the upper atmosphere.

2. Rate Coefficient for Dimerization

Formation of the dimer is the slowest step for homogeneous nuclea -
tion since it occurs only through termolecular collisions. Once the dimer is
formed, larger clusters can be produced by bimolecular collisions. There-
fore, if we assume that the rate determining step for producing the clusters
observed by Kung and Bauer!® is Fe + Fe + M = Fe; + M then the measured
condensation onset time can be used to infer a maximum value for the dimeri-
zation rate coefficient,* k).

If the variation of pressure and temperature is neglectel, k; may be
evaluated from'

1 1
kl = rFe] = [FG]O [M] (t ' to) (5)

* A similar analysis has been performed by Golomb et all! for condensation
of N, Ar and other gases in free jets.

t Note that this interpretation assumes the back reaction proceeds at a
negligible rate and therefore results in an upper limit of k;.

13




where subscript "o' stands for initial conditions, i.e. point E in Fig. 16,
[M] is number density, and t is time. The rate coefficient corresponding
toa 10% consumption of Fe monomer in 10 "3

seconds has been computed
from Eq. (5) to be,*

ki = 8.3 X10°* m1% molec ™2 sec !

at a temperature of 2500 K. The dependence of k; on temperature cannot be
P obtained from the above experimental data.

However, it is reasonable to
assume

,_ ky(T)e T7" (6)

! where n varies, typically, from 1 to 2
theory the termolecular association re
tive temperature dependence.

» since from classical reaction rate
actions have been found to have a nega-

3. Condensation Following Flashbulb Releases

Condensation of Fe (o1 Al) vapor along a streamline

(following a
steady burning Flashbulb releasc from a canister)

can be determined from

dX Dw .

= T (7)

where X is the local mole fraction of e monomer,
nondimensionalized by the orifice diameter, D, and W, p and u are molecular
weight (assumed to be constant), density and veiocity of the gas mixture,

respectively., No contributions from flow diffusion processes are considered
here. The monomer depletion from the dim

S is downstream distance

erization process is given by

3
wo= -k (T) £ x2 (8)
w

Integrating Eq. (7) along a streamline and using the standard isen-
tropic relations between temperature, pressure and Mach number gives,

5 -(5-y )

2(y -1)
1. 1425 (5 g (i-22 :) 5
RS RTO) () (1 - Ly M71ds  (9)

It is reasonable to assume that this rate coefficient can also be used for

the reaction, Al + Al + M — Al; + M, in subsequent estimates of the
location of condensation onset for Al.
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where f = X/Xp, y is the ratio of epecific heats, M is the Mach number, R
is the universal gas constant, and Py, T,, a, and Xp are pressure, tempera-
ture, speed of sound and Fe mole fraction in the chamber. The results
obtained for the location of condensation onset from Eq. (9) will be conserva-
tive (i.e. condensation onset will be predicted at smaller values of S than
expected in an actual release) since (i) the reverse of Reaction [1] is
neglected and (ii) no account is taken of whether, in fact, the initial flow is
supersaturated. Thus, if by using the 10% monomer decay (f = 0.9) as a
criterion condensation onset is not predicted from Eq. (9), it is doubtful that
condensation will be a problem. Using the Mach number distribution shown
in Fig. 13, Eq. (9) was integrated numerically for a typical set of Flashbulb
release conditions. The predicted points of condensation onset (i.e. £=0.9)
are plotted on (P, t) and (Po, S) planes in Figs. 17 and 18, respectively,
assuming k; @ T"2, The chamber temperatures, Tg, for these cases ranged
from 3910K to 4170 K and initial Fe mole fractions were approximately 0.55

for chamber pressures from 15 atm to 50 atm; the orifice diameter was taken
to be 1 ft.

Since the termolecular collisions depend strongly on concentrations
of the participating monomer, the strong dependence of condensation onset on
chamber pressure is expected. For these releases no condensation (based

on homogeneous nucleation) is predicted for chamber pressures less than
about 20 atm.

D. Heterogeneous Nucleation

Data on the heterogeneous nucleation of atomic Al and Fe via ions are
apparently unavailable. To estimate the effect of this process, we have ana-
lyzed the available data for the rate limiting step in similar processes, 1.e.
the termolecular formation of a cluster

+ Kz +
Al 4+ X" 4 M & (AX)] + M (2]

The forward rate of this reaction will depend upon the nature of i and the
polarizability, apyr of Al. The larger the radius of the ion, the smaller will

be the attractive force between it and Al, resulting in a smaller rate; the

larger the polarizability of the neutral Al, the larger will be the attractive
force, resulting in a larger rate. A contour map relating rate constants and
equilibrium constants to polarizability and ionic mass for alkali ion clustering
has been constructed by Keller and Niles.!? Making the reasonable assumption
that N T 1278 cm® 13 and using the mass range 20-80 amu for the

ion, the contour map gives a forward rate constant ky = 5X10 " ml® molec ! sec !
as an upper limit at 300 K. At 2500K, k, = 1.5 X 10 m]% molec"! sec-}

!assuming aT™ dependence), Comparing this rate coefficient with that

15
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obtained for homogeneous nucleation above (both rate coefficients represent
reasonable upper limits, irrespective of species) we find that, k,/k; = 10730/
10°% = 103, Thus, to a first approximation, ionic nucleation will compete
with homogeneous nucleation as a loss process only if X:h/)(A1 > 10", where
X+ and X, are gas phase mole fractions of charged species* and Al in the
release products, respectively. Our present estimates of ion densities,
from thermodynamic equilibrium calculations in Zr/NH,C10,/Al systems,
indicate that Xt/xAl = 107%, so that ionic nucleation appears to be a factor of
10 less prominent as a monomer removal process than homogeneous
nucleation.

A third nucleation mechanism, heterogeneous nucleation on particles,
will also play a role in atom losses. Data for this process are, as in the case
of ionic nuc'eation, not available. However this loss process can be analyzed
in terms of elementary kinetic theory by calculating the encounter rate
between metal atoms and solid (or liquid) particles in the release plume.
Monomer loss rates can then be estimated assuming various fractional "stick-
ing' efficiencies. In order to perform these estimates, reasonable assump-
tions about the average particle sizes, velocities, and temrperatures must also
be made. The estimated particle nucleation rates can then be compared with
the gas-phase rates calculated above to determine the dominant monomer loss
process(es) and to suggest changes (if necessary) in the Flashbulb mixture
formulations and/or release conditions.

*  As a first (and most conservative) estimate, we include all charged

species, both positive and negative, and assign the same (large) rate
constant.

16
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FIG. 1 DIAGRAM OF ARC TEST SET-UP
Key

Optics (1-3): 1, light source; 2, kHz chopper; 3, beam splitter.

Differential Phase -Sensitive Detection

System (4-8): 4, monochromator and PMT set at Ne line (585.2 nm);
5, monochromator-PMT set at metal atom resonance line
(372.nm, Fe; 396.2 nm, Al); 6, differential tuned
amplifier to give net metal atom absorption (see text);
7, tuned amplifier to give particle absorption and scattering
(see text); 8, dual beam oscilloscope; upper trace, particle
absorption; lower trace, net metal atom absorption

Release Mounting and Vacuum
System (9-15): 9, vacuum tank; 10, shroud; 11, shroud flange and baffle;

12, release package; 13, release plume; 14, shroud flange
purge gas inlet; 15, tank purge gas inlet

Parameters used to Estimate
Yields (s, £, w):

s, distance from release to optic axis;
L, light path through release plume;
w, diam of light beam
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