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Preface

This report is the resulis of my attempt to expand the
knowledge available in the areaz of tallistic impact flash.
My principal concern has been in quantifying ballistic
impact flash resulting from steel spheres perforating
6A1-4V titanium targets and in evaluating state-of-the-art
coating materials for their effectiveness in reducing this
flash.

The completion of this investigation required the
assistance of the Air Force Material Laboratory, the Air
Force Flight Dynamics Laboratory, and the Air Force Insti-
tute of Technology. Without the staff's support of these
organizations, this report would not have been possible.
Specifically, I wish to thank Major J. ¥W. Mansur of the Air
Force Flight Dynamics Laboratory for making the gun range,
personnel, and equipment available; Mr. W. 0. Adams for
his help in setting up and trcuble-shooting the electreonic
equipment; Captain K. L. Tallman for the munitions support:

and Dr. P. J. Torvik for his guidance.
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The down range flash resulting from the perforation of

thin titanium plates by high velocity steel spheres was

investigated toc quantify the magnitude and duration of this

flash. For analysis, the titanium flash was compared with
the flash resulting from identical steel spheres impacting
aluminum targets. Visually the %titanium flash was signifi-
cantly larger than the aluminum flash but measurevent of

the spectral irradiance at selected wavelengths fourd the

peak intensities were approximately the same. Aralysis of

the time histories of the two flashes showed that duration

time of the titanium flash was approximately five times as
long as the aluminum flash. The flash was found to occur
as two events, each of which had distinct fiash intensity
maxima. The first maxima occurred approximately 10 micro- 1
seconds after penetration, while the second occurred 30 to

80 microseconds later. Both the spectral irradiance of the

two maxima and the total flash energy for titanium cealed

as approximately the eighth power of the velocity vhile

aluminum scaled as approximately the fifth power of the

velocity. Coating the impact surface of the target with

either white polyurethane paint, white bariun titanate

silicone paint, or white flurocarbon paint reduced the down

range flash by only a small amount. The flash speciral

irradiance for both metals was compared to a blackbody

’ xii




temperature curve. Both flashes wefe foun& %o radiafe
approximately as blackbody sources with the aluminum flash
temperature increasing Irom 2800 to 3500° K over an impact
velocity range cf 3502 to 5000 fps while the titanium

temperature varied from 2400 to 4000°% X over a velocity

range of 3000 to 5000 fps.
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BALLISTIC IMPAC™ FLASH RESULTING FROM
COMPLETE PROJECTILE PENETRATION
OF TITANIUM TARGETS

I. Introduction

Current combat aircraft incorporate scphisticated
electicnic systems which aid in the penetration of target
defenses. DOnce its presence has been detected, the aircraft
uses its size and speed and tactics to evade the armament
directed at it. Even with these evasion factors working
for it, the probability of the aircraft taking a hit still
remains. The projectile may cause minor damage to the
aircraft but at the instant of impact an intense, short
duration flash of radiation is generated. When produced in
a combustible atmosphere, this fiash could lead to fire,
explosive detonation, and possible loss of the aireraft.

This ballistic impact flash is a threat to aireraft in
combat and is a major concern of weapon sSystems designers
from both an offensive and defensive point of view. Exten-
sive research has been conducted to find means of suppress-
ing fuel tank fires, but very little research has been
published in the area of impact flash suppression. A4
literature search revealed only two published studies of
impact flash reduction. The first study, published in 1952,

evaluated several state-of-the-art coating materials (Ref 1).




oo

Bad adde il
!

oy

T R Y Y S s s e ey oy “‘

Because o§~a ééstriction in time, the second study,
published in 1974, evaluated only two state-of-the-art coat-
ings (Ref 2). Both studies founi that coating the impact
surface reduced the flash at the point of penetration
completion. This literature search also revealed that the
studies of ballistic impact flash and flash suppression
evaluated primarily aluminum targets.

However, current aircraft designs, such as the B-1
bomber, require high strength, low weight materials such as
6A1-4V titanium. Rockwell International, the prime contrac-
tor for the B-1, has conducted extensive evaluations of the
vulnerability cf the materials used in the construction of
the B-1. Results of their fragment peneiration test
indicated that titanium did not produce a het, incandescent
spall as observed with aluminum targets and that the flash
duration of aluminum was longer {Ref 3:19). The Air Porce
Plight Dynamics Laboratory conducted tests which took a
"very quick look™ at the ballistic impact flash resulting
from perforation of titanium targets {(Ref &). The results
of these tests were contradictory to those found by Rockwell
International.

Because of the disagreement in reports on the impact
flash resulting from penetration of titanium and the need
for e¢valuation of state-of-the-art coatings, this investiga-
tion had two objectives. First, the curation and magnitude
of the ballistic impact flash resulting from projectiles

impacting and perforating titanium targets were investigated.
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Second, three state-of-the-art ccating materials will be

evaluatied for their effectiveness in flash suppression.

Background

The phenomenon of ballistic impact flash received
1ittle study until early in the United States space program.
At that time, impact flash was studied as a means for
detecting and quantifying meteoroid impacts on space
vehicles. The encounter between an earth satellite and a
meteoroid in space takes the form of a hypervelocity impact
with the meteoroid serving as the projectile and the satel-~
lite as the target. The impact velocity may range from
nearly zero up to 85 km/sec, depending upon the relative
orbit of the satellite and the meteoroid. The size range
of the particle is also particularly broad, with the
smalliest of them being approximately a micron in size.
Early studies of the phenomenon of ballistic impact flash
were confined to micron sized particles accelerated by
electrostatic hypervelocity accelerators to velocities up
to 16 km/sec (Ref 5:595). It was assumed that the flash
was the result of electrically charged particles emitted
from the site of impact. The experiments utilized biased
collectors to collect the emitted charge. The resulting
data fitted the empirical relationship

Q. = KEP(V/A) (1}

where Qc is the charge collected, X a constant, Ep the




W.ranWTww“?T

[

“wte

par;icle energy, A thénétomic weight of the particle
material, and V the partiecle velocity {Ref 5:592). This
gave the first indication that impact flash was dependent
upon material properties and impact velocity.

Larger mass projectiles were fired from guns at
velocities of €.5 to 2.5 km/sec. Jean {Ref 6) recorded
and analyzed the impact with high speed photography. He
observed that the flash was actually a rapidly expanding
ring of light. Further tests were conducted by Jean and
Rollins {Ref 7) with the addition of photomultiplier tubes
and cpen shutter cameras to the test instrumentation. Their
analysis of the data indicates that the flash occured in two
pulses. An initial pulse, called a spike, had a haif width
of one usec or smaller and a rise time of less than 0.2 usec.
The time integrated spectra of this pulse slowed an associa-
tion with continuum radiation and with high density, strongly
ionized radiating gas at the point of impact. The second
event was a slow-rising pulse of three tc five usec half
width and spectrosopically characterized by line emissions
of rneutral atoms. It was shown that the measured character-
isties of the first event could be related empirically to
tnhe size and the velocity of the impacting projectile.

While the analysis of the impact flash was being
conducted, more accurate methods of meteoroid detection and
quantification were developed, and the impact flash programs
received less atitention. However, the program did show that

spectral analysis of flash using photomultiplier tubes and
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ted that the flash occurred in two phases and was dependent

on projectile and target properties.

Threat to Combat Aircraft. The experimental evaluation

of impact flash as a threat to combat aircraft was similar
to the meteoroid detection experiments. The threat was
simulated by propelling 1.3 cm projectiles at velocities

up to 1.7 km/sec at sections of aircraft skin. Spectral and
optical analysis were made of the flash at the point of
projectile penetration. The results of Abernathy’s work
(Ref 8:32) found that the flash had a temperature of 3400%
to 4100% and a duration of between three and five milli-
seconds. This temperature and duration are significantly
above the spontaneous ignition temperature of current air-
craft fuels (Ref 9:3).

Follow on work by Mansur (Ref 2) and Wingfield (Ref 10)
further verified the magnitude of the threat and also
observed that the exit flash occurred in two events,
similar to Jean’s cbservations {Ref 7:1747). They also

presented an empirical relationship
X = Kkv? (2)

where X is the intensity of the flash, K is a scaling
constant, V is the projectile velocity, and n is an

empirical parameter which estatlishes the magnitude of the
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flash Initenaiiy as a Tunciion of Theé Felative impact

velocity {Ref 2:13).

Mansur and Abernathy also developed physical models of
the impact flash process. An extensive physical model of
the impact and impact flash process was also found in the
work sf Wiederhorn and Ehrenfeld {Ref 11:64)., The overall
physical model of tallistic impact flash can be divided
into three phases. At impact, energy is transferrsd to the
target and material is removed from the target in the
rupture phase. HNext, because of their high velocities, the
fragments are heated and their surfaces begin tc melt and
flow during the ablation phase. Finally, the exposed
surface srez and oxygen from the aimosphere combine chemi-
cally resulting in the burning phase. This physical mcdel
was employed by Abernathy, Mansur, and Wingfield in their
investigations of the threat of ballistic impact flash to
aircraft fuel systems.

Presently there are two basic positions for placement
of internal fuel tanks in combat aircraft. They are either
buried in the aircrafi as shown in FPigure 1{a), or they are
close t¢ the surface or part of the airerafi's skin as shown
in Figure 1{b). As explained in Murrow's evaluation of
aircraft fuel subsysiems (Ref 9:1ii), impact flash is 1likely
to produce a fire in the empiy compartments {void areas)
ad jacent to fuel tanks or in the ullage space of the fuel
tank {space zbove the fuel surface). He alsoc noted that

impact flash does not guarantee a fire on iﬁpact, but stated




q‘* .1,::1{431‘55_;‘«e:qf:.aiw
|
3JBIADATY JU8TIN) UL BUOIFIES0J Muwl Teng TeotdA] °T eandtyg
m (a) ()
!
eBdy PTOA
)
..... \V, _
4
; V -3.0N(]
\ I satur eutlug
3 Jedg Futy //
-
w juey, 1enyg

[

TRLN S T PETRLTrToY

YTRL B

TV




that the probability of fire is a function of several

RIS ICE A B M1

variables, specifically projectile size, type and impact ,
velocity, and the distance from the skin penetration to Q
fuel tank penetration in the case of void area fires.
Referring to Figure 1(a), a projectile impact at point
A on the skin of the aircraft would produce a flash which
would not be a threat as a fire ignition source because it
is in the free air stream where no fuel vapors are present.
However, when the projectile perforates the skin at point A,
there will be a flash in the void area. If combustible
vapors are present in this area, a fire could start provided
the flash was of sufficient duration and intensity to ignite
the vapors. As the projectile strikes point B, a flash will
occur on the fuel tank surface and will provide an additional
ignition source in the void area. When the projectile per-
forates the fuel tank, a flash would occur. If the penetra-
tion were above the surface of the fuel, the flash could
ignite the vapors in the ullage. In the fuel tank, the
height of projectile penetration apbove the fuel surface is

also a significant factor {(Ref 9:ii). As the projectile

. passed through the fuel tank and out the other side of the

aireraft, one more source of ignition in the ullage and two
more in the void area would be generated.

Extensive research has been conducted to find means of
containing and suppressing a fire in the fuel tank ullage

area. The most effective method for suppression of fuel

tank fire and fuel tank vapor explosion is the addition of




a polyurethane foam to the fuel tank (Ref 12:5). However,

work in the area of ballistic impact flash suppression has

been minimal. In 1952, R. L. Kahler {Ref 1} conducted
experiments with magnesium alloy and aluminum alloy targets.
The targets were coated with state-of-the-art coating

materials and the impact flash from projectile perforation

SRS VRN

wes observed. Of all the coating materials tested by

Kahler, a 0.050" coating of neopreme sponge and cork was

the most effective in reducing, but not eliminating, the

flash. A form of this neopreme coating is currently used

o1 e B ik

on B-52 aircraft to reduce thermal flash effects (Ref 13:3).

Ll Tl

The other published work in flash suppression is by Mansur

{(Ref 2). He evaluated only two coatings, epoxy based air-
craft paint and aircraft fuel cell sealart. Although not
comprehensive, his test did indicate that both materials

significantly reduced the downstream flash.

Test Material Selection. For this study, 6A1-4V

titanium was selected for evaluation because of its use in
structural members and surface areas in the void area sur-
rounding the fuel system in the F-15 aircraft and its use
as a fuel tank and aircraft skin material in the B-1.
After the extent of the threat from impact flash initiated
fires had been established, three state-of-the-art coating
materials were evaluated for their effectiveness in

reducing the intensity and duration of the impact flash.

§ ol
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—The first coating evaluated is a white polyurethane

aircraft paint. Currently as aircraft receive depot level
maintenance, they receive a new ccat of this paint. It was
selected for evaluation to measure the effectiveness of
current inventory paint coatings in reducing impact flash.
The second coating evaluated is a barium titanate silicone
aircraft paint. This paint is currently under development
as an infrared and thermal camouflage coating (Ref 14). It
was selected for this test because of its thermal flash
resistance and high heat capacity. The final coating
material selected for evaluation is a white flurocarbon
paint, which is currently being evaluated for its rain
erosion protection properties (Ref 15). Rain hitting an
aircraft traveling at subsonic speeds reacts in a manner
similar to a projectile hitting a target. The purpose of
this coating is to break up the rain droplets and dissipate
the energy of the impact. This cozating was selected for
this test because ¢f this energy dissipation property. The
targets were impacted with the coated surfaces up and down-
stream, so that all phases of aircraft penetration could be

evaluated.

10
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I1. Experimental Method

Steel spheres were fired from a 20 mm smooth bore gun
through a velocity measuring system and through test targets
as shown in Figure 2, For this report, all directional
refererices are relative to the target. Up range refers to
the impact side where the gun was positioned and down range
refers to the area behind the target. The targets were one
foot squares of 0.070 inch thick 6A1-4V titanium and one
foot squares of 0.072 inch thick 2024 T-3 aluminum. Six of
the titanium targets were coated on one side with one of the
test paints, two were coated with the white polyurethane
paint, two with barium titanite silicone paint, and two with
flurocarbon paint. The pairs of cocated titanium targets
were tested in two series; one series with the coating facing
up range and one series with the coating facing down range.
The target area was screened so that the front face flash
and gun muzzle flash were not visible down range. As shown
in Figure 3, the back face flash was observed by an impact
flash spectrometer and the signal output from the spectrom-
eter was displayed on dual beam oscilloscopes. The back
face flash was also recorded by a still camera and an image

converter camera.

Projectile

Steel spheres were used as projectiles to reduce the

variables as much as possible. Primarily, the steel should

11
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sustain a minimum of deformation and have a minimum of
chemical reaction with the target materials. Also the
spherical shape eliminates any concern for small angles of
obliquity and position at impact. The projectiles had a
diameter of 0.656 inches and weighed 291.7 grains. The
spheres were fired from the gun in four section Lexan sabots.
The sabot sections were designed to separate from the
projectile upon leaving the gun's eight foot barrel and were
deflected from the projectiles path by a sheet of armor
plate. This sabot deflector was positioned 18 feet from the
gun muzzle and had a three inch diameter hole which allowed
the projectile to pass through. The projectile's wvelocity
was varied from approximately 2000 feet per second to
approximately 5500 feet per second. The velocities were
obtained by varying the amount of powder loaded in the
cartridges. The lightest powder locad was 70 grains of
Hercules 2400 smokeless rifle powder while the maximum load

used during this test was 470 grains of the same powder.

Spectrometer

The down range flash was observed by the flash spectrom-
eter. The spectrometer consisted of three photomultipiiers
which were in line with narrow band by-pass filters. Each
filter investigated a distinct area of the visible and near
infrared spectrum. The first filter centered at 4008A with
a bandwidth of 2004; the second centered at 7010A with a
bandwidth of 200A; and the third centered at 90254 with a

14
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—bandwidthof 2604 A standard Iight svurve, whode output 18

known at each wavelength in watts/mz—nanometer, was used to
calibrate the photomultiplier tubes,

The output of the photomultiplier tubes was displayed
as a single sweep of dual beam oscilloscopes. The oscillo-
scopes were triggered prior to impact and the sweep rate was
adjusted to allow observation of the entire event. The
oscilloscope traces were recorded on Polarcid film for later
examination and measurement.

A limitation of photomultiplier tubes is that they are
easily saturated. To prevent this from happening, neutral
density filters were placed in front of the narrow band by-
pass filters. The strength of the filters was increased as
the flash intensity increased. These filters were calibra-
ted against the standard light source ito determine the

amount of light they passed at the three wavelengths.

S+il1) Camera

A I x 5 Speed Graphic Camera was positioned perpendicu-
lar to the flash line as shcwn in Figure 3. It was used %o
record an image of the total flash. The shutter was opened
just prior to the shot, and closed after the shot. The

image was recorded on Polaroid film.

Image Converter Camera

An image of the down range flash was also recorded by a
two camera image converter camera system. The delay circuits

which trigger the second camera in this system did not work

15
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properly during this test. Howevér. the camera was posi-
tioned as shown in Pigure 3, and used as a still camera to
give a different view of the flash. As with the still
camera, the shutter was opened just prior to the shot,
closed after the shot, and the image recorded on Polarocid

f£ilm.

16
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JI1. Results and Discussion

Aluminum and Titanium Ballistic Impact Flash

The first objective of this report was o quantify the
magnitude of the ballistic impact flash resulting from a
projectile completely penetrating a titanium target. The
reference base for comparison was data collected in previous
tests conducted on aluminum targets. To validate this data,
11 test shots were fired at aluminum targets on this program.
The down range flash which resulted from a 0.656 inch
diameter steel sphere penetrating a 0.072 inch thick sheet
of 2024 T-3 aluminum is shown in Pigure 4. The flash is
approximately 16 inches long and 2.4 inches in diameter,
which is similar to the findings of Mansur {Ref 2:37) and
Abernathy (Ref 8:32), PFigure 5 shows the down range flash
which resulted from an identical steel sphere perforating a
0.070 inch thick sheet of 6A1-4V titanium. The camera
position, shutter speed and aperture setting were identical
for the two figures. Also in both photos, measurements can
be made at the scale of one inch equals one foot. Using
this scale, the central fire ball resuliing from the steel-
titanium impact is approximately 30 inches long and 16
inches in diameter, with streamers of hct incandescent
particles traveling further down range.

Firat impressions {rom these photos would indicate that

the magnitude of the titanium flash is significantly larger

17
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Figure 4, Down Range Flash Resulting From a
Steel Sphere (0.656" Dia) Traveling

at 5465 fps impacting a 2024 T-3
Aluminum Target (0.072¢ Thick)
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—than that observed in slumirmum. However, snelysis of the

oscilloscope traces at selected wavelengths showed that the
peak spectral irradiance wag about the same for titanium
and aluminum. A drawing of typical itraces for titanium and
aluminum with identical oscilloscope amplitude and sweep
rate settings is shown in Figure 6. Each target displayed
a fast rise to a first maxima, followed by a rapid decrease
in voltage and then a slower rise 1o a second maxima and a
gradual return %o zero voltage. The voltage readings were
converted to spectral irradiance values and plotted for each
of the maxima and wavelength combinations in Figures 7
through 12.

FPigures 6 through 12 show that the speciral irradiance
for titanium and aluminum are relatively the same over the
velocity range tested and that the intensity of irradiance
is slightly larger for titanium at higher velocities.
However, Figires 7 and 8 clearly show that the aluminum
spectral irr-diance is larger than that of titanium for the
LO0BA wavelength region of this test. In his analysis of
impact flash, Jean (Ref 7} modeled the first maxima as an
electron flash and the second maxima as irradiance from

neutral atoms. Investigation of the Table of Speciral Lines

of Neutral and Ionized Atoms (Ref 16) and the M.I1I.T., Wave-

length Tables (Ref 17) revealed that aluminum has a larger

density of neutral and ionized atoms with high intensities

in the 400BA region than titanium which is the probable

20
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reasonrfar aluminum héving a higher intensity of spectral
irradiance at this wavelength.

Referring to Figure 6, the difference between the two
traces which could account for the difference in observed
flash is the duration time of each flash. Table I lists
duration times for aluminum and titanium at various
velocities. The titanium flash lasts approximately five
times as long as the aluminum flash. Integration of the
area under the traces gives an indication of the energy
released in the form of light as a result of the impact.
Pigure 13 shows that at 4008A, even though the duration was
longer, the flash energy was about the same over the test
velocity range. This was the result of titanium having a
lower intensity of spectral irradiance and longer duration
time. Figure 14 for 70104 and Figure 15 for 90258 indicate
that the flash energy for titanium is significantly higher
than aluminum as was predicted by Figures & and 5. It
should be noted that because of difficulties in clearly
separating the area under the first maxima from the second
maxima, all energy calculations were based on the total
area under both curves.

The Bunsen-Roscoe Law states that when the human eye
views an event such as a flash, a summing of luminances
oceurs over a short duration of time (Ref 18:326). This
temporal integration last up to approximately 100 msec,
thus even though the flash from titanium and aluminum

targets have relatively the same intensity, the eye “sees”

28




Table 1

Time Duration of Flash

2024 T-3 Aluminum

Velocity

—~{FP8)
2108.2
2536.5
2612.7
2911.2
2943.3
34246
3514.9
394k, 8
b10k,1
4%938.3
5464, 5

Average

Duration Time
milliseconds

0.08

0.08

0.07

0.11

0.10

0.08

0.10

0.10

n.08

0.10

0.11

6A1-4V Titanium

Average
T CaiiTioconds)
1971.4 0,04
2073.7 0.03
2320.2 0,08
2466.1 0.08
2548.0 0.33
2564,7 0.28
2801.1 0.89
298L,2 0.59
2956.5 0.68
3246.8 C.58
3439.4 0.60
3508.8 0.72
3707.1 o.h8
3714.0 0.55
3964.3 0.52
4000.0 0.53
k153,7 0.56
biysh .3 0.58
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energy which wasg found %o be of greater magnitude for

E titanium and sees a "brighter” flash for titanium,

Effect of Test Coatings omn Flash Reduction

The sgecond objective of this report was to evaluate

state-of-the-art coatings for their effectiveness in

reducing the magnitude of ballistic impact flash. Figures
16 through 21 present the first and second maxima of
spectral irradiance at the three test wavelengths for
titanium targets with a coating on the up range side.
Comparison of Figures 14, 18, and 20 show that all three
coatings had a negligible effect on the first flash maxinma.
Comparison of Figures 17, 19, and 21 show that all three
coatings reduced the second maxima of spectral irradiance

by a small amount. Because of the size of the reduction

and the scatter of the data points, a quantitative value
for this reduction was not determined. Analysis of the
flash energy (Figures 22 through 24) further verifies that
coating the up range side of the target reduces the down
range flash by only a small amount.

For comparison, targets were impacted with the coated
surface down stream. Figures 25 through 30 are plots of the
spectral irradiance while Figures 31 through 33 are plois of
the flash energy at various wavelengths. In his study,
Mansur (Ref 2:34) conducted only a few tests with the coated
surface down range and these tests indicated the flash

reduction effect of the coating was substantially la2ss than

33
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with the coating up ranges. From Figures 25 through 33, it
appears that the coating on the down range side of the
target had a minimal effect on the reduction of impact

flash.

Velocity Scaling

In his attempt to model impact flash, Mansur arrived
at a scaling rule which was presented as Eq (2) of the
introduction to. this report. He deduced that spectral
irradiance and'flash'energy of the first and secﬁnd haxiﬁa
scaled approximately to the fourth power of the velocity
(Ref 2:29). Closer analysis of his data (Ref 2:28) reveals

that the spectral irradiance scaled to the fourth power of

... the velocity but that .the energy was closer to the fifth

power of the velocity.
When the individual plots of this study's test data
were generated (Appendix C), a least squares curve fit was

also accomplished. The curves were fitted to

X = KvP (2)

and the power to which the velocity is raised appears on
each plot, where the logarithm of the irradiance is plotted
vs the logarithm of the velocity, as the slope of the least
squares curve fit line. The values of the constants K and
n are listed in Tables II through V. It was determined
from the data gencrated in this test that the spectral

irradiance of the aluminum impacts scaled to an average of
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Empirical Constants for Uncoated Targeis

Spectral Irradiance I = xv?
Wavelength(A) K n
6A1-4V Titanium
First Maxima Loo8 1.116E-21 5.758
7010 1.661E-17 4,896
9025 3.702E-26 7.398
Second Maxima Loo8 2.646E-30 8.313
7010 1.113E-26 7.567
9025 1.003E-31 9.054
2024 T-3 Aluminum
First Maxima 4008 1.386E-22 6.199
7010 3.359E-19 5,374
| 9025  5.99%-19  5.328
; ; Second Maxima 4008 2.941E-23 6.439
7010 2.715E-16 L.589
9025 6.119E-21 5.956
F Total FPlash Energy E = KV©
6A1-4V Titanium Loo8 7.232E-34 8.274
7010 2.463E-32 8.072
9025 3.752E-32 3.110
2024 T-3 Aluminum 4008 B8.B16E-28 6.468
7010 2.664E 22 5.08k
9025 4.093E-3k 5,609
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Emperical Constants For Titanium Targets Coated
With White Polyurethane Painti

Spectral Irradiance 1 = kv

k Wavelength(A) K n 4
' i
Coating on Up Range Side ’
First Maxima 4008 1.222E-24 6.548
7010 L,777E-20 5.579
9025 1.450E-26 7.474
Second Maxima Loog 5,605E-22 8.721
. 7010 1.898E-23 6.583
] 9025 1.964E-26 7.476
- Coating on Down Range Side
g First Maxima L4008 3.959E-33 9.057
3
? 7010 3. 427E-24 6.830
' 9025 4.621E-25 ~ 7.070
] Second Maxima Loos k.856E-32 8.846
7010 1.579E-26 9.139
9025 6.434E-32 9.139
Total Flash Energy E = gkvh
Coating on Up Range Side
4008 2.545E-35 8.621
7010 2.196E-2L 5.813
9025 1.214E-38 9.806
Coating on Down Range Side
LooB 8.735E-33 7.986
7010 1.542E.-30 7.592
9025 2.466E-37 9.592
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Table IV

Empirical Constants for Titanium Targets Coated

With White Polyurethane Paint

Spectral Irradiance

Wavelengtth}

Coating on Up Range Side
First Maxima 4008
7010
9025
Second Maxima Loos
7010
9025
Coating on Down Range Side
FPirst Maxima L0o08
7010
9025
Second Maxima Loog
7010
9025

I =gv"

K
9.931E-32
7.873E-28
1. 66UE -47
1.555E-32
5.613E-27
6.368E-33

8.114E-32
9.876E-20
9.491E-23
3.161E-37
1.865E-28
1.807E-39

Total Flash Energy E = KVP

Coating on Up Range Side
Loo8
7010
9025

Coating on Down Range Side
4oo8
7010
9025

55

2.192E-41
1.869E-~-23
1.367E-33

1,026E-35
6.998E-29
lollZE—Bs

1]

8.601
7.784
13.457
8.901
7.567
9.291

8.684
5.522
6.400
10.307
8.074
11.200

7.549
5.566
8.453

8.831
7.141
9.132




Table V

I L B AN

Empirical Constants for Titanium Targets Coated
With Flurocarbon Paint

Spectral Irradiance

Wavelength{(a)

Coating on Up Range Side
First Maxima 4008
7010
9025
Second Maxima Loog
7010
9025
Coating on Down Range Side
First Maxima 4008
7010
9025
Second Maxima 4008
7010
3025

it

I

4.769E-28
1.062E-24
3.395E-27
L.7758-35
1.877E-28
2,591E-37

2.182E-36
3.312E-26
L,359E-29
3.143E-4]1
1.772E-37
4.839E-42

Total ¥lash Energy E = kvh

Coating on Up Range Side
4008
7010
9025

Coating on Down Range Side
hooB
7010
9G25

1.267E-31
5,584E-28
9.791E-34

L.,038E-43
2.93LE-30
7.796E-41

kv?

=

7.592
6.869
7.656
9.589
7.995
10. 508

9.985
7.329
8.224
11.416
10.526
11.928

7.605
6.765
8.497

10.883

7.533
10.562




the fifth power of the velocity as did the total energy. It
was determined from the least squares curve fit of the data
from the titanium test that the spectral irradiance and
flash energy scaled to approximately the eighth power of
the velocity.

Mansur tried to relate the magnitude of the impact

flash to the energy or momentum of the projectile (Ref

2:29), If such a relationship exists, it could be identi-
fied through the power to which the mass and velocity were

raised. The fact that this study determined a different

R 1o g pim s gz e

3 value of the power to which the velocity was raised for

each target material gives support to Mansur's statement

TR

that the flash cannot be modeled as a simple relationship of

target and projectile mass and impact velocity {Ref 2:31).

Steel-Titanium Impacts _at Velocities Under 2500 fps

Analysis of the oscilloscope traces for impact veloci-
ties under 2500 fps revealed a phenomena peculiar to steel-
titanium impacits. Figure 34 is a sketeh of typical traces
for this velocity range. Every trace for titanium in this
velocity range revealed a third and fourth maxima of spec-
tral irradiance. The third flash maxima typically occurred
0.2 to 0.5 milliseconds after impact and was larger than the
second maxima by a factor of approximately four. It was
always larger than the fourth maxima but not by a consistent
factor. Evaluation of the targets revealed that the failure

was a combination of petal and plug type failures, while
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above 2500 fps impact velocity, the failures were all Plug
type. Analysis of the still photographs of the down range
flash for all impact velocities indicate that there is a
definite possibility of delayed ignition of the titanium
fragments. Figure 5 shows streamers of burning titanium
fragments whose ignition is recorded away from thg back
‘face of the target. These streahers start in free flight
and terminate in a "star,"” from which new streamers appear.
Figure 35 is a still photo of an impact velocity of 2115
fps. The primary flash in this photo is located six inches
“"away from the rear faceé of the target. The most probable
cause for the third and fourth maxima is delayed ignition
of large titanium fragments. When ignition does occur, the
flame covers the maximum surface area which includes the
stress cracks induced by the impact. The surface burning
and oxidation along the cracks probably causes a build-up
of pressure between the crack surfaces causing the fragment
to fly apart releasing the large flash. The delayed igni-
tion of titanium particles which was so pronounced at imbact
velocities under 2500 fps was also the probable cause of the
random "bumps” which were observed on the final return to
zero leg of oscilloscope traces for titanium impacts above

2500 fps.

Temperature Analysis

Previous studies of impact flash, the most recent ty
'Mansur (Ref 2), have assumed that the flash radiates as a

blackbody. When a light source radiates as a biackbody, it
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is possible to determine the temperature of the source from

Planck's equation.
Iy = €y NTI/(EXP(C,/AT)-1) (3)

where J, is the spectral irradiance in watts/cmz-A or
similar units, C1 and C2 are constants, A is the wavelength
in question, and T is the temperature of the blackbody.
Calculations of J, can be found in a set of blackbody tables
{(Ref 19:79). These values were plotted as solid lines
representing a constant temperature in Figures 36 and 37.
For comparison with Mansur's work, the spectral irradiance
for 3000, 3500, L4000, and 5000 fps impacts in aluminum were
plotted in Pigure 36. The temperature for the 3500 through
5000 fps velocity range was found to vary from 2800° K to
3500° K. These values compare very closely with the work
of Mansur (Ref 2:37) and Abernathy (Ref 8:30). Figure 37
depicts the spectral irradiance of titanium for impact
velocities between 3000 and 5000 fps. For the velocity
range of 3000 fps to 3500 fps, the experimental data agrees
fairly well with the blackbody curves. For the 4000 to %500
fps veloeity range, the experimental data approximates a
straight lire while the 5000 fps data approximates a curve
with a slope opposite to the blackbody curves.

Several assumptions are made in the application of
Pianck's equation, One of the basic assumptions is that

the blackbody has a known consta. t surface area. In the
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case of a flash.ng gtarts at a point, grows to a maximum
surface area and returns to zero surface area. Extensive
analysis of this topic was conducted by Mansur {Ref 2:36).
Photographic analysis of the flash shows that the maximum
surface area increased as the impact velocity increased.
Another factor which effects the acecuracy of the blackbody
approximation is the variation of the emissiviiy of the
heat source under evaluation. Emissivity will wvary with
the degree of oxidation and thus will be a function ¢f the
time of heating. For oxides, the emissivity generally
increases with temperature while the reverse occurs with
metals {Ref 20:851). Values of emissivity are tabulated
for wavelengths of 5500A and 65004 in several handbooks and
are found to Te relatively constant for these wavelengtihs
(Ref 19:98). Because the combustion of titanium is

associated with a molten mixture of cxide and metal and

- the reaction takes place at the surface of this molten

mixture (Ref 21:360), and beczuse ithe exact effect of the
surface area variations and value of emissivity at 90254
are not known, the experimental data points at this wave-
length were given less weight in this analysis. From
Figure 37, the data for 40084 and 70104 shows that the
titanium flas® approximates a blackbody and the temperature
varies from 2400 to 4000° X over a velocity runge of 3000

to 5000 fps.




IV. Conclusions

Visually the down range flash generated by the impact
of a high velocity projectile with a titanium target is
significantly greater than the flash from the impact of a
similar projectile with an aluminum target. Experimental
analysis showed that this flash was characterized by two
intense maxima. As with high velocity impacts in aluminum
targets, the first maxima occurs simultaneously or nearly
simultaneously with perforation of the target. The second
maxima occurs 30 to 80 microseconds later. The intensity of
the spectral irradiance of these maxima is approximately the
same for aluminum and titanium at wavelengths of 7010A and
9025A, but the intensity of the aluminum flash was greater
at L0O0BA probably as a result of a denser population of
aluminum ion transformations in this region of the spectrum.
The visual difference in intensities between the two target
‘materials was the result of the differences in duration time
of the flash. The aluminum flash lasted approximately 0.10
milliseconds while the titanium flash was approximétely 0.56
milliseconds.

Scaling the intensity of the spectral irradiance and
total energy of the flasn as an exact function of measurable
properties could not be accomplished. However, the intensi-
ty and energy of the titanium flash were found to scale to
the eighth power of the relative impact velocity and the

65




Ty

aluminum flash to the fifth power of the relative velocity..

Cm

While flash in aluminum targets occurred as a single
event of two intensity maxima, titanium was characterized
by an event of twe intensity maxima at impact with the
possibility of delayed ignitions and miner pulses of
speccral irradiance as the titanium fragments traveled down
range. This delayed ignitisn 1s most evideni at impact
velocities under 2500 frs. In this velocity range, a third
maxima, which is larger than the previously recorded maxima
by a factor of four, occure 0.2 to 0.5 milliseconds after
impact.

Coating the impact surface with polyurethane paint,
barium titanate silicone paint, and fiuroecarbon paint
reduced the flash by only a small amount. Coating the
down range surface of the target with these paints had
negligivle effect on reducing flash over the range of
impact velocities and wavelengihs investigated during this
teat.

The spectral irradiance of the aluminum and titanium
impact flashes were znalyzed as approximations to blackbody
radiation sources. From this analysis, the alumirum flash
temperature ‘ras found to vary from 2800 1o 25000 K over g
velocity range of 3500 to 5000 fps, while the titunium flash
temperature varied from approximately 2400 %o approximately
4000% K over a velocity range of 3000 to S090 fps.

In summary, the speciral irradiance and energy of the

flash from titanium Increases as the eightn power of the

€€




velocity while the temperature ranges 2#00 to 4000° K ovér
a velocity range of 3000 to 5000 fps. These values estab-
lish hypervelocity particles from sources such as surface-
to-air missiles, air-to-air missiles, and aircraft gun

. syétemé as iﬁportant kili mechanism to aircraft which
incorporate titanium in their design. This phenomena needs
much more investigation to determine its cause and to

develop more effective flash suppression materials.
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V. Recommendations

g~

The resulis of this investigation revealed three areas

which reguire further study. First the delayed ignition

characteristic of titanium should be investigated further.

Particularly, the cause of the third and fourth flash maxima

which occurs under 2500 fps should b

1]

determined. A delayed
ignition of the magnitude observed in this investigation
away from the impact surface would be a definite ignition
source for aircraflt fires,

Secondly, further work. should be conducted in the areza
L of Mlash temperature measurement., Studies should be conduc-
ted to determine *he actual surface area of the flash viewed

by tne sensors at each wavelength and the effective omissiv-

ity at these wavelcngths should be established. This data
could be used to refine the blackbody approximation used in
this study. Checks of this approximation could be accom-
plished by adding optical pyrometers to the test instrumen-
tation.

Finally, further work should be done in the area cf
coating evaluation. Paints did not produce the desired
results on titanium, but Mansur (Ref 2) found that fuel
tank sealant was more effective in reducing impact flash
from aluminum. This lead should be followed aznd expanded
to include other cinic

- o~
........... A Wk e T A

~-the-art fuel cell additives, in

Q

particular foams and & fuel cell damage control systemn
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{Ref 22) which consist of layers of ballistic nylon and
reticulated rigidized foam. These studies, and zll future
studies in the area of ballistic impact flash, should add
high speed photographic coverage to the test instrumentation

for more detailed analysis of the flash propegation.
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Appendix A

Description of Eauipment

§ The experimental portion of this investigation was

g coriducted in Ballistic Impact Test Facility Range Number

; One, Building 45, Area B, Wright-Patterson Air Force Base,
Ohio. An overview of the test set up can be obtained from
Figures 2, 3 and A-1, Using the target as a reference
point, Figure 2 shows the up range test instrumentation

while FPigure 3 shows the down range instrumentation. Figure

i RV SRR

A-1 depicts the connections between range and control room
3 instrumentation., The test equipment can be described in

two general categories, the gun and instrumentation.

20 mm Smooth Bore Gun

The Air Force Flight Dynamics Laboratory furnished a

20 mm smooth bore gun. This gun had an eight foot barrel
and was chambered to accept & standard military casing.
The casings were primed with a standard 20 mm electric

primer and the gun was fired elecirically. By varying the

powder loads from 70 grains to maximum lead of 470 grains

s e

of Hercules 2400 smokeless rifle powder, projectile veloci-
ties ranging from just under 2000 fps to just over 5500 fps

were obtained. The casings could have accommodated more

RPN PP

powder and thus higher velocities could have been obtained,
but range limitations, specifically the high over pressures

in a closed range, made veloclties above 5500 fps impractical.
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Instrunentation

This experiment required instrumentation to determine
the relative impact velocity and analyze the down range
flash. The flash analysis was accomplished through the
use of a flash spectrometer, a still camera, and an image

converter camera systemn,

Velocity Measurement. The projectile velocity was

measured 29 feet prior to impact cver a2 4 fuot distance.
The velocity screens, shown in Figures 2 and A-1 consisted
of continuous line printed circuitf paper. The velocity
gscreens were connected to two Hewleti-Packard Nodel 5300A

timers as shown in Figure A-l1., When a projectile passed

[

through the first screen, both timers vere started and per-
The timer read-outs were in microseconds and were converied
to velocities calculated ito the nearest tenth of a foot per

second.

2

Impzact Flash Spectrometer. This system consists of an

Exotech three channel specirometer, low and high voltage
powar supplies, a Techtironic 556 Dual Beam Oscilloscope,
and a Tecnhtronic 565 Dual Bean Oscilloscugz. Pretest
checks of the specircmeler system revealad several undocu-

menited alterations of the photomuliipller control circul*s

el

and defective corponents, ‘ecause the modifications were

t

-

undocumented and made the systems reliability questicnadble,

&

they were remcved. The gpecirometer gsystem alsce included
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thies Tead selenide Sensors which were not used for this
test. Analysis of the system circuitry {Ref 23:17) revealed
that the control circuits for these sensors could be remeved
without effecting the photommltiplier tube circuits. This
modification was made when the defective components were
replaced. The circuitry used for power filtering and dis-
tribution is shown in Figure A-2 and the photomultiplier and
emitter follower circuitry is shown in Figure A-3.

Each photomultiplier tube consisted of a photocathode,
a secondary emission multiplier, and an ancde, Photons from
the light source strike the photocathode. This releases a
number of electrons, which are accelerated onto the first
stage or dynede of the multiplier, where they each release

additional secondary electrons, which are zceslerated ont

T

(.

the next dynode, and so cn. A potential pgradient is main-
tained between the successive dynode stages. The electrons
released by the last dynode are collected at the anode,
which releases an electric pulse as the tube ocuiput. The
photomultiplier tubes used in this test were two KM2433
visible range tubes and one 6911 infrared tube, all manu-
factured by DuMont Laboratories Division of Fairchild Camera
and Instrument Corporation., The one infrared tube had a
type S-) spectral sensitivity (Figure &-4) and the two
visual tubes had a type S-20 spectral sensitivity (Figure
A-$}. To allow examination of the flash at various wave-
lengths, narrow band by-pass filters were plared in fraont

of the photomultiplier tubes.
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R The speciral ranges of these filters are shown in Figure A-6. ' b

To avoid saturating the photomultiplier tubes, Kodak Wratten
neutral density filters were used %o reduce the number of

] photons striking the sensors. These filters were calibrated
for each combination of photomultiplier tube and narrow band
by-pass filter. This data is presented in Appendix B,

The output of the photomultiplier tubes was routed to
the two oscilloscopes as shown in Figure 8-1. The scope
sweeps were triggered by a third sheet of printed circuit
paper located two feet in front of the target. Perforation
of this sheet of paper activated a Field Emission Corporaticn
Model 1463 Trigger Generator, which insured trace sweep start

before Prcjectile impact.

Still Camera. A 4 x S Speed Graphic Camera, which used

Polaroid film, was used to obtain one view of the down range
] ; flash. The shutter was opened using a remote trigger prior

to the shot and closed after the shot.

Image Converter Camera. A Beckman and Whitley X500

: Biplanar Image Converter Camera System was used to obtain a

different view of the down range flash. This system consis-
ted of two Model S10M camera systems, a Model 5001 Four
Channel Time Delay, and two camera heads which use standard
Polaroid film. The time delay circui.ry did noi function
properly during this test which resulted in this unit being
used only as an open shutter still camera. As with the
still camera, the shutter was opened prior to the shot and

c¢losed after the shot.
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Appendix B

Calibration

The oscilloscope traces were recorded in voltis per
division and milliseconds per divisions, To convert this
data to more usable values, the followirng calibration con-

version calcuiations were performed.

Calibration of Photomultiplier Tubes

A calibration lizht source was provided with the spec-
trometer system. The light Source assembly consists of a
1000 watt quartz icdide buldb, a mechanical chcpper, and a
power supply. The bulb is housed in a 24 inch diameter, 36
inch high cylinder, with aperture allowing a beam of light
to pass through the chopper assembly. The chopper consists
of an 18 inch diameter disc with a single slot. The disc
was turned at a rate of about 3000 rpm by a small motor.
The "chopped"” light was directed on to the spectrometer
sensors for calibration. The light source was calibrated
by the National Bureau of Standards (Ref 23:6) in microwatts
per cmz-nanometer at & distance of 50 cm. The calibration

values used in this test are present in Table B-I.
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txt

-T

Calibration Strengths at 50 cm

Wavelength Strength
40084 2,28 uw/cm®-rm
7010A 21.10 uw/rmz-nm
90254 25,28 uw/cmé-nm

Calibration Procedure. The zalibration source was

placed at various distances from the spectrometer, and the
high voltage power supply was set at 900 volts. The scope
output for each narrow band by-pass filter was noted and
recorded for each position. Since the light intensity
should change by the square of the distance, a constant
value of DZV was expected, where D is the distance between
the source and the sensor and V is the recorded voltage.
Values of DZV constant within five percent were obtained.
From this an average value of DZV at the various wave-

lengths was calculated and recorded in Table B-II.

Table B-II

QZV Constants for Test Wavelengths

Wavelength D%V Constant
4008A 640.0 £1° volts
2010A 600.0 ££% volts
90254 36.0 £t° volts
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he values in Yavle b-!1 were used tc calculate the conver-
sion factors necessary to convert the fiara induced scope

2
output to uw/cm-nm.

Sample Calculation of Convarsisn Faectzsr., From Table B-1,

at 50 cm {1.64 ft) the source produces 2,28 uw/cmz—nm for a

. . . .. 5 2. .
waveler.~-» of L00SA. Since the DV constant for this wave-

P 2 - - o . .
length is 5%0.0 f1° volts (Table 5-I1), at a distance of

1.64 Tt, an out put of

640.0 ftz volts
(1.66 £t)%

= 237.95 volts (L)

would be exvected as a resultf of 2,28 uw/cmz—nm of light

irradiance produced by the source. This gives for 1.64 ft

2.28 uw/cmzwnm _ 0.00958 gﬁ[cmz-nm (5)
237.95 volts volt 2

At D = 7.0 ft, which was the distance frem the fiash to the
sensors, the scale factor required to convert the scope

. . 2 .
reading from volts to microwatis/cm“-nm is

{0.00958 uw/cmz-nm/volt)(7.0 ft)2 (6)

Scale Factor = >
(1.64 ft)

0.1745 uw/cmz-nm/volt.

it

Similarly at A = 7010A
Scale Factor = 1.72316 uw/cmz-nm/volt
and for A = 0234

Scale Factor = 34.408 uw/cmz—nm/volt.
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Calibration of Kodak Wratten Neutral Dengity Filters

Kodak Wratten Neutral Density No, 96 filters numbered
at 0.5, 1.0, and 2.0 were used. To determine the amount of
light passed by each filter, scope readings were taken with
and without the filters in place. In addition, combinations
of different strength filters were used tc insure the read-
ings remained vaiid. The resuills of (hiz arce shown in Tatle

B-III.

Table B-I1I1
Fraction of Light Passed at Selected Wavelengths

by Kodak Wratten Neutral Density No. 96 Filters

Amount of Light Passed

Filter No. LooBA 70104 50254
0.5 0.3607 0.4814 0. 5000
1.0 0.0950 0.1480 0.2600
2.0 0.00k1 0.06148 0.0600

The raw data from the neutral density filter evaluation
was processed in the same manner as the photomultiplier tube
calibration. The results from these calculations are
presented in Table B-IV which lists all the conversion

factors used for data :~duction in this report.
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Filter No,

0.0 {none}
0.5
1.0

2.0

Secale Factors for All Test Filters

Conversion Factor (uw/cmz—nm/velt)

Loo8A 20104 96254

0.183 1.915 12,387
0.508 3.977 24,774
1.926 12.928 47.643
Ly, 688 128.23¢ 206.453
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Appendix C
Test Data

Over 100 test shots were conducted during this
investigation. Compilsd in this appendix are the tables
of the results of these shois and graphs of the data from
each series of shots at each of the three wavelengths
investigated. The converted test data was processed by
the Air Force Aeronautical System Division's Control Data
Corporation 6600 computer located =t Wright-Patterson Air
Ferce Base, Ohio. This computer facility was used to
compi.te the least squares curve avproximation to the test
data and generatle Figures 7 through 33 and Figures C-1

through C-20.
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E Table C-I
K Spectral Irradiance of First Flash Maxima
4 for Uncoated Titanium Target Impacts
Velocity Spectral Irradiance ‘I?%’!icrowattsfcmgqm'}
1 (FPS) 40084 70104 90254
é 2548.0 0.0549 1.34065 c.7432
§ 256k.7 0.0366 0. 5745 0.6194
2801.1 0.1098 1.3405 3.3626
2954.0 0.1093 1.3405 1.4864
2956.3 0.0915 1.5320 n
1 3246.8 0.3048 2,3862 3, 4680
g' 4395 0.2502 2.8725 n
%1 3508.8 n n 24774
j 3707.1 0.2032 7724 12.3870
i 3714.0 ¢.3048 5.9655 n
é 3964.3 0.6604 7.9540 17.3418
é 4000,0 0.5856 7.6600 n
§ 1153.7 0. 6096 7.9540 29.7288
? Whsh.3 1.3176 n n
? 4618.9 1.9260 n n
} 5221.9 3.0480 n n
' n - ne data
. 88
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Velocity

(EES)

1971.
2320,
2548,
2564.
2801.
2954.
2956.
3246.
3439.
' 3508,
3707,
3714.
3964.
- 4000,
L4153,
1lsh,
1618,
4926.
5115.
5221.
5390.
5578.

"
2

)

£ © W o +

8 B

1
0
3
0
7
3
9
1
1
9
8
8

Table C-II

Spectral Irradiance of Second Flash Maxima
for Uncoated Titanium Target Impacts

Spectral Irradiance (Microwatts/cmz-nm)

4008A
0,0183
0.0183
0.0732
0.0915
0.1281
0.2.46k
0.2196
0.6096
0.3294
n
0.5080
0.4064
1.5240
- 1.3542
2.3368
1.3908
8.4744
89.3760
80.4384
6.0960
17.7192
205.2528

n -« no data

90

20104
0.1915
0,0958
1.5320
0.7660
1.5320
1.9150
2.6810
5.1701
3.8300
'n
8. 7494
6.3632
15.1126

- . 15.7030

21.4758
n
62,1024
155.0856
180.9332
n
113.7664
516.9520

9025A
0.1239

0.1858
0.9909
0.7432
1.4864
1.9819
| n
8.4232

‘n

3.7161

24,7740
n
34,6836
n
69.3672
n
171.5148
n
578.0684
n
n

n
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g

Velocity
(FPS)

2108.2
2536.5
2612.7
2911.2
2943.3
3h27.6
251%.9
3944.8
4140.8
4938.3
s464. 5

2108.2
2536.5
2612.7
2611.2
2943.3
3427.6
3514.9
3944.8
43140.8
4938.3
shél. 5

n - no data

Table C-III

Spectral Irradiance for Uncoated
Aluminum Target Impacts

Pirast Flash Maxima

Spectral Irradiance (Microwaﬁts/cmz—nm)

Lo08A

n
0.0732
0.5124
0.3111
0.5856
1.6104
1.4224
1.9304
2.0320

26.8128
13.4064

70104
0.3830
n
1.5320
2.6810
n
47724
6.3632
7.1586
n

n

Second Flash Maxima

0.1281
0.1464
0.3294
0.4392
0.6222
1.9764
2. 5400
3.2512
2.7432
b9,1568
26,8128

g2

€.9575
0.7660

0.3830
2.1065
3.0630
n
9. 5448
11.1356
12.7264
25,8476
25.8476

90254

) 41
0.2477
b.9546
0.7432
2.7251

n

n
7.9277
12.3870

n

n

0.4335
0.6194
2.4774
1.2387
3.2206
n
13.8734
14,8644
29.7288
61.9359
82.5812
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Table C-IV

Spectral Irradiance for White Polyurethane
Paint Coated Titanium Target
(Coating on Up Range Side)

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cmz—nm)
(FES) 4o08A 7010A 90254

2151.7 n n n
2585.6 0.0293 0.4405 0.6154
2943.3 0.0549 0.9575 0.7432
3389.8 0.1830 3.4470 n
4028.2 0.5080 10.7379 17.3418
4201.7 0.4572 5.5678 19.8192
4629.6 1.5408 10,3424 28,5882
5256,2 n n n
5509.5 n n n

Second Flash Maxima

2151.7 0.0109 0.2298 0.2477
2585.6 0.0384 0.4022 0.5572
2943,3 0.0915 1.1490 0.8671
3389.8 0.2562 3.8300 n
4028.2 0.6096 8.7494 15.3598
4201.7 1.5240 12.7264 39.6384
4629,.6 3.8520 24,5632 57.1716
5256.2 31.2800 77 . 5428 123.8718
5509.5 Lk, 6880 775428 165.1624
n - no data
95
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Table C-V

Spectral Irradiance for White Polyurethane
Paint Coated Titanium Target

é {Coatling on Down Range Side)

First Flash Maxima

E' Velocity Spectral Irradiance (Microwatts/cm®-rnm)

; (FBS) 10084 70104 90254
2115.3 n n 0.1486
2580.6 0.0549 0.7660 0.6193
2909.1 0.0732 1.5320 n

{ 2949.9 0.1464 3.0640 n
3472,2 0.1460 3.8300 4.9548
3676.1 n L. 7724 n

] 45835.1 n n n

1 4896.0 17.8750 77.5428 n
8449.6 26.8128 155.0850 n

Second Flash Maxima

: 2115.3 0.0256 0.2681 0.1982
2580.6 2.0732 1.0533 0.9989
2909.1 0.1093 2.2980 n

’ 2949.9 0.4209 5.5535 n
3472.2 0.4392 5.3620 7.4322
3976.1 1.3208 16.7034 n
Lkg35.1 7.7040 n 214.,.3900
4896.0 71.5008 168.0090 516.1300
54496 71, 5008 413. 5606 743.2300

n - no data
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Table C-VI
Spectral Irradiance for Barium Titanate

Paint Coated Titanium Target
(Coating on Up Range Side)

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cmz-nm)
(EPS) 40084 70104 0254

2123.2 n n n
2560.8 0.0183 0.1915 0.1238
2902.8 0.0549 0.7660 n
2936.6 0.0732 0.9575 0.7433
34s5h.2 0.3660 3.8300 6.9367
3988.0 1.5240 14.3172 n
$028.2 n n n
4241.8 3.9770 3.977¢C n
4so2.4 n n n
5263.2 n n n
5509.6 n n n

Second Flash Maxima

2123.2 n 0.0383 0.0495
2560.8 0.0366 0.3830 0.1858
2902.8 0.1281 1.1490 n
2932.6 0.1464 1.2447 1.1148
3hbsh.2 0.512h 6.1280 8.4231
3988.0 1.6256 14.3172 n
4028.2 1.1176 11.1356

k2y1.8 1.7272 14,3172 42.1158
bso2. 4 3.4668 25.8560 76.2288
5263.2 53.6256 64.6190 206.4%530
5509.6 35.7500 77 . 5428 2h7.7400

n - no data
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- Tgble G-¥ii -

-m:rl“ wmmnd\li

Velocity
(FPS)

2594.¢
2960,8
3445.3
4008.0
i$514,7
L8uz.8
ShbL. b

259%.0
2960.8
3445.3
4008.0
Leih.7
L8i2.6
shol b

Spectral Irradiance for Zarium Titanate

Paint Coated Titaniunm Target
(Coating on Down Range Side)

First Flash Maxima

. . : 2
Spectral Irradiance {Microwatts/cm®-nm)

20084
0,0732
0.1098
0.2928
0.60%6
0.7704
88.5200

n

0104
0.7
L7235
3. 0640

LA

60

bt

6.3632
5.1712
64,6190

n

Second Flash Mayima

0.0732
0.2562
0.6588
1.6256
7.7040
61.9640
177.0400

n - no data

164

0.8617
2.2980
5.7415
15.1126
33.6128
168.0094
387.7140

0.6813
1.7342
3.2206
12.3870
n
n

n

0.7432
1.9819
7.9278
34.6836
199.6800
722.5800
1156.1360
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Velocity
(FPS)

258L.0
2605.9
2928.3
3493 .4
4028.2
4597.7
5256.2
5524.,8

2584.0
2605.9
2928.3
3493.4
14028 .2
4597.7
5256.2
5524.,8

n - no data

Table C-VIII

Spectral Irradiance for Flurocarbon

Paint Coated Titaniu

m Target

(Coating on Up Range Side)

First Flash Mg

xima

Spectral Irradiance (Microwatts/cmzﬁnm)

40084
n
n
0.1281
0.3294
1.1176
1.5408
13.4064
13,4060

Second Flash Ma

70104
0.1532
0.1915
1.3405
b,0215

11.9310

15.5136

25.8476

38.7714

xima

0,0292
0.0228
0.1464
0.4375
1.0160
2.3120
L&, 6880
53.6256

107

0.3064
0.3830
1.3405
L,4045
10.3402
23.2704
129.2380
180.9332

90254

n

n
0.9909
4.4593
19.8192
38.1144
82,5812

n

n
0.1238
1.1148
L.9548

23.7830
66.7022
330.3248
495.4872
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—_Table C-TX ‘ 1

Spectral Irradiance for Flurocarben
Paint Coated Titanium Target
(Coating on Down Range Side)

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cmz-nm)
(FES) hoogA 20104 90258

2594.0 0.0732 0.9728 n
2941.2 0.0915 0.4064 1.4864
3490.4 0.2562 1.4732 5.6980
4028.2 0.9144 9.5448 19.8192
LLghk, L 1.1556 15.5136 n
L8L2,6 62,5632 51.6952 n
5509.6 107.2512 103.3904 n

Second Flash Maxima

§ 2594.0 0.0915 0.2794 n

i 2941 .2 0.1098 0.4572 1.6103

| 3490.4 0.3294 1.4224 6.1935
ho28.2 1.8288 17.4788 34,6836
Lok 4 6.9336 54.2976 190.5720
ugh2,6 102,7824 155.0856 578.0684
5509.6 321.7536 413.5616 n

n - no data
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-

fi - A

Velocity
(FPS)

1971.4
2320.2
2466.1
2548.0
2564.7
2801.1
2954.2
2956.3
3246.8
3439.4
3508.8
3707.1
371k.0
3964.3
4000.0
4153.7
4618.9
hg26.1
5115.1
5390.8
5578.8

n - no data

Teble C-X

Flash Energy for Uncoated
Titanium Target Impacts

Total Energy (Ergs/cmz-nm)

4oo8A
n
4.29E-6
n
2.28E-5
2.00E-5
2,86E-5
4.01E-5
5:29E-5
5.43E-5
1.26E-4
n
1.27E-4
1.11E-4
2,548l
3.21E-4
4.13E-4
1.28E-3
7.G0E-3
4.20E-3
1.97E-3
3.64E-.2
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70104
2.68E-6

1.50E-5
3.00E-5
1.50E-4
1.20E-4
2,70E-4
9.60E-4
6.30E-4
5.40E-4
1.20E-3
n
1.61E-3
1.98E-3
2.85E-3
3.00E-3
2.73E-3
8.91E-3
1.22E-2
1.21E-2
1.70E-2
5.67E-2

90258
L,29E-7
2.91E-4

n
9.70E-5
9.70E-~5
2.32E-4
5.04E-k

n
8.73E-4

n
1.04E-3
5.04E-3

n
6.59E-3

n
1.16E-2
2.69E-2

n
3.88E-2

n

n
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:
YELOCITY (FPS)

YELOCITY (FPS)

(c)

(o)

Uncoated Titanium Flash Energy vs Velocity

(a)

Figure C-17.




Table C-XI

Flash Energy for Uncoated
Aluminum Target Impacts

E Velocity Total Energy (Ergs/cmz—nm)

(FES) 40084 70104 90254
2108.2 2.86E-6 1.50E-5 1.94E-5
2536.5 5.70E-6 3.00E-5 4.85E-5
2612.,7 2.29E-~5 n n

a 2911.2 2.00E-5% 1.50E-4 3.88E-5

1 2943.3 2.14E-5 9.00E-5 1.84E-4

3427.6 7.45E-5 n n

3514.9 1.33E-4 3.10E-4 7.75E-4

39L4.8 1.09E-4 3.72E-4 7358k

4140.8 6.30E-5 3.72E-4 5.80E-4

4938.3 2.10E-3 n n

5464, 5 1.05E-3 2.02E-3 3.23E-3

n - no data
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Flash Energy for White Polyurethane Paint
Coated Titanium Target Impacts

Velocity
(FPS)

2151.7
2585.6
2943.3
3389.8
4028,2
4201.7
4629.6
5256.2
5509.5

2580.6
2909.1
2949.9
3442.6
3976.1
k535.1
4896.0
5449.6

n - no data

Table C-XII

(Coating on Up Range Side)

Total Energy (Ergs/cmz-nm)

Looga
1.15E-6
1.55€-5
2,00E-5
5.73E-5
1.57E-4
2.98E-4
6.38E-L
5.60E-3
?7.00E-3

70104
6.00E-5

1.20E-4
1.80E-4
8.L4OE-L
6.09E-3
2.23E-3
4.86E-3
6.06E-3
1.01E-2

(Coating on Down Range Side)

1.86E-5
2.86E-5
9.15E-5
1.26E-4
1.88E-4
9.63E-4
5.63E-3
7.00E-3
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7.50E-5
2,1CE-4
9.00E-4
1.38E-3
2.23E-3
n
1.81E-2
3.248.2

90254

n

I

9.70E-5

4,19E-3
6.98E-3
1.12E-2
3.55E-2
4.BYE-2

1.36E-LF

1.905-3

3.14E-2
6-13'6!?'"2
l-ém—l
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Table C-XIII

Flash Energy for Barium Titanate Paint
Coated Titanium Target Impacts

{Coating on Up Range Side)

Velocity Total Energy (Ergs/cmz—nm)

(FPS) 40084 70104 90254
2560.8 1.57E-5 1.80E-4 5.83E-5
2902.8 2.57E-5 2.70E-4 n
2G632.6 L4.86E-5 3.90E-4 2.91E-4
3454.2 9.74E-5 1.26E-73 1.70E-3
3988.0 2.82E-4 2.23E-3 n
4028.2 2.83E-4 1.98E-3 n
L24y .8 3 14E-4 2.85E-3 1.06E-2
b592.4 5.74E-4 4. 4sE -3 9.71E-3
5263.2 8.40E-3 8.08E-3 L. 19E-2
5509.6 3.50E-3 1.41E-2 3.87E-2

(Coating on Down Range Side)

2594.0 1.57E-5 1.35E-4 1,55E-4
2960.8 8.00E-5 5,70E-4 6.59E-4
3445.3 2.06E-4 1.86E-3 2.52E-3
L4008.0 2.35E-4 2.48E-3 5.62E-3
bsiy .7 7.66E-4 6.88E-3 3.14E-2
4842 .6 4,90E.3 1.41E-2 5.16E-2
shél b4 2.52E-2 L, 4sE-2 1.55E-1

n - no data
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RS

| DR et SO

Rl i A e ek InhiE o

Velocity
(FPS)

2584.0
2028.3
3493 .5
4028.2
4597.7
5256.2
5524.8

2941,2
3490.4
4028.2
Uu9L 4
LBh2,6
5509.6

n - no data

Table C-XIV

Flash Energy for Flurocarbon Paint
Coated Titanium Target Impacts

{Coating on Up Range Side)

Total Energy (Ergs/cmz-nm)

4008A 20104
9.16E-6 6.40E-5
4.57E-5 1.50E-4
1.17E-4 1.08E-3
3.92E-4 3.22E-4
2.55E-4 2.83E-3
4,90E-3 1.41E-2
4,20E-3 1.41E-2

(Coating on Down Range Side)

6.57E-5 5.10E-4
8.58E-5 1.32E-3
2.82E-4 3.22E-3
7.01E-4 8.10E-3
1.05E-2 1,61E-2
L, 76E-2 §.07E-2
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90254

n
1.948-4
1.35E-3
7.7€E-3
1.49E-2
2.90E-2
5.49E-2

5.0LE-4
1.41E-3
6.,01E-3
2,98E-2
9.69E-2
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Montpilier, Vermont. He attended Northeastern University
where he was elected to membership in Phi Tau Sigma National
Honorary Mechanical Engineering Fraternity. In June 1968,
he received the degree of Bachelor cf Science in Mechanical
Engineering. Upon graduation, he was employed as a design
engineer for the General Electric Company's Avionic Design
Division, Binghamton, New York until he enlisted in the
United States Air Porce in December 1968. He attended
Officer Training School and was commissioned in June 1969.
He served as a Weapons Loading Officer at Cam Ranh Bay AB,
RVN and as Officer in Charge of the Weapons Loading Section
at Phu Cat AB, RVN, After he received his Explosive
Ordnance Disposal (EOD) Badge in September 1971, he served
as Officer in Charge of an EOD Team until entering the
School of Engineering, Air PForce Institute of Technology,
in June 1974, majoring in the Air Weapons Option in

Aeronautical Engineering.

Permanent Address: 16 Railroad Street

Essex Junction, Vermont 05452
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