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Preface

This report is the results of my attempt to expand the

knowledge available in the area of ballistic impact flash.
My principal concern has been in quantifying ballistic

impact flash resulting from steel spheres perforating

6Al-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 electronic

equipment; Captain K. L. Tallman for the munitions support;

and Dr. P. J. Torvik for his guidance.
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Abstract

The downl range flash- resulting from the perforation of

thin titanium plates by high velocity steel spheres was

investigated to 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 measurerent of

the spectral irradiance at selected wavelengths fouid the

peak intensities were approximately the same. Aralysib 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 flash intensity

maxima. The first maxima occurred approximately 10 micro-

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 z¢aled

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 barium titanate

silicone paint, or white flurocarbon paint reduced the down

range flash by only a small amount. The flash spectral

irradiance for both metals was compared to a blackbody

xii



temperature curve. Both flashes were found to radiate

approximately as blackbody sources with the aluminum flash

temperature increasing from 2800 to 35000 K over an impact

velocity range of 3503 to 5000 fps while the titanium

temperature varied from 2400 to 40000 K over a velocity

range of 3000 to 5000 fps.
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BALLISTIC IMPACT FLASH RESULTING FROM

COMPLETE PROJECTILE PENETRATION

OF TITANIUM TARGETS

I. Introduction

Current combat aircraft incorporate sophisticated

electronic systems which aid in the penetration of target

defenses. Once 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 flash could lead to fire,

explosive detonation, and possible loss of the aircraft.

This ballistic impact flash is a threat to aircraft in

combat and is a major concern of weapon systems 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. A

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).

1



Because of a restriction in time, the second study,

published in 1974, evaluated only two state-of-the-art coat-

ings (Ref 2). Both studies found 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-I

bomber, require high strength, low weight materials such as

6A1-4V titanium. Rockwell International, the prime contrac-

tor for the B-i, has conducted extensive evaluations of the

vulnerability of the materials used in the construction of

the B-1. Results of their fragment penetration test

indicated that titanium did not produce a hot, incandescent

spall as observed with aluminum targets and that the flash

duration of aluminum was longer (Ref 3:19). The Air Force

Flight Dynamics Laboratory conducted tests which took a

"very quick look" at the ballistic impact flash resulting

from perforation of titanium targets (Ref 4). 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 t'aluation of state-of-the-art coatings, this investiga-

tion had two objectives. First, the duration and magnitude

of the ballistic impact flash resulting from projectiles

impacting and perforating titanium targets were investigated.

2



Second, three state-of-the-art coating materials will be

evaluated for their effectiveness in flash suppression.

BackEround

The phenomenon of ballistic impavt flash received

Slittle 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

smallest 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

Qc = KE P(V/A) (i)

where Q is the charge collected, K a constant, Ep the

3



particle energy, A the atomic weight of the particle

material, and V the particle 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 0.5 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 open 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 half width

of one zsec or smaller and a rise time of less than 0.2 asec.

The time integrated spectra of this pulse showed 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 to five usec half

width and spectrosopically characterized by line emissions

of neutral atoms. It was shown that the measured character-

istics of the first event could be related empirically to

the 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 attention. However, the program did show that

spectral analysis of flash using photomultiplier tubes and

'4
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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 1.5 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 34000 K

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 observations (Ref 7:1747). They also

presented an empirical relationship

X = ,vn (2)

where X is the intensity of the flash, K is a scaling

constant, V is the projectile velocity, and rn is an

empirical parameter which establishes the magnitude of the

5



flash _n7-ensity as a Si-hition of-tere t

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 if Wiederhorn and Ehrenfeld (Ref 11:64). The overall

physical model of ballistic impact flash can be divided

into three phases. At impact. energy is transferred to the

target and material is removed from the target in the

rupture phase. Next, 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 area and oxygen from the atmosphere combine chemi-

cally resulting in the burning phase. This physical model

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 aircraft as shown in Figure 1(a), or they are

close to the surface or part of the aircraft's skin as shown

in Figure l(b). As explained in Murrow's evaluation of

aircraft fuel subsystems (Ref 9:ii), impact flash is likely

to produce a fire in the empty compartments (void areas)

adjacent to fuel tanks or in the ullage space of the fuel

tank (space above the fuel surface). He also noted that

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

6
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that the probability of fire is a function of several

variables, specifically projectile size, type and impact

velocity, and the distance from the skin penetration to

fuel tank penetration in the case of void area fires.

Referring to Figure l(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 above 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

aircraft, 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

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

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

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 sealant. 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.

9



T fhe ei•rt-cotiM evuluated is a whit. polyurathana

aircraft paint. Currently as aircraft receive depot level

maintenance, they receive a new coat 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 coating was selected for

this test because of 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



II. 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

references 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 6AI-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 coated 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

F 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 velocity

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 load was 70 grains of

Hercules 2400 smokeless rifle powder while the maximum load

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

Spectrome ter

The down range flash was observed by the flash spectrom-

eter, The spectrometer consisted of three photomultipliers

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 20OA; the second centered at 7010A with a

bandwidth of 200A; and the third centered at 9025A with a

14



t badit -f 9A, Adl -s-w se output is

known at each wavelength in watts/m2-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 Polaroid 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 to determine the

amount of light they passed at the three wavelengths.

Still Camera

A 4 x 5 Speed Graphic Camera was positioned perpendicu-

lar to the flash line as shown in Figure 3. It was used to

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



properly during this test. However, the camera was posi-

tioned as shown in Figure 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 Polaroid

I , I

film.
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III. Results and Discussion

Aluminum and Titanium Ballistic Impact Flash

The first objective of this report was to 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 Figare 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). Figure 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, tuhutter 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 resulting from the steel-

titanium impact is approximately 30 inches long and 16

inches in diameter, with streamers of hot incandescent

particles traveling further down range.

First impressions from these photos would indicate +hat+

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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Figure 5. Down Range, Flash Resulting From a
Steel Sphere (0.656" Dis) Traveling
at 5580 fps Impacting a 6AI-4V
Titanium Target (0.070- Thick)
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+_than'that obser•,d In alj-uM . •However__nalri•s of the

oscilloscope traces at selected wavelengths showed that the

peak spectral irradiance was about the same for titanium

and aluminum. A drawing of typical traces 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 to a second maxima and a

gradual return to zero voltage. The voltage readings were

converted to spectral itradiance values and plotted for each

of the maxima and wavelength combinations in Figures 7

through 12.

Figures 9 through 12 show that the spectral 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, Figures 7 and 8 clearly show that the aluminum

spectral irr-.diance is larger than that of titanium for the

4008A 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 Spectral Lines

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

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

density of neutral and ionized atoms with high intensities

in the 4008A region than titanium which is the probable

20



4e) =s

pi -
i

_fir, 0 H
Th-- E- "-

-0 Ei | t t t _____ • __ _ E ! i

221

i 21



C)

PROJECTI-I0 STEEL SFHERE 0.6566 0IR)
UNCMRIED TIIANIUh

) UNCOATED PLUMIINUM

r

ua..

a:

C)
L)
-" 0

U,.)

"L)

z

cc'

Ccc
WI

0

VELOCITY (FPS)

Figure 7. Firs't iaxirra of Spectral Irradiance
a t 4Z6A a a Funcc-t-I 3 f clot2

22



PROJECTILE' STEEL SPHER~E (0.666" DIR)
t3UNC8ATED T[TANIUM
SUN~COATED JALUNA.NUM

0

'0
C3

co 9

m'o ,,-

cr-

*,,40 KE

Fiur , ecn P~xim fSetalIrdac

CC

I

0

O' •:) 1 • ( i 6(• o4
VELOCITY (FPS)

Figure 8. Second Maxima of Spectral Irradiance
at 4008A as a Function of Velocity

21



PROJECTILE' STEEL SPHERE (0.656" DIA)
0 UNCOATED TITANIUTi

"" UNCOATED RLUMINUI
C3

rL

*0

U,

(C3 10

II

uJ

0a0

L-J
d-3

C' -,a..

VELOCITY (FPS)
Figure 9. First Xaxima of rpectal Irradiance

at 7010A as a Function of Velocity

2p



C3

"PROJECIILEf STEEL SPHERE (0.666" DIR)
r! UNCOATED T1TANI[UM
E UNCOATED ALUM|IUINI

0

_
!

i mM 0
tu• 19

z

Cr.
I-

Co

VELOCITY (FPS)

Fi ure 10. Second Maxima of Spectral irradiance

at 7010A as a Function of Ve.Locity

25

S...,



r0

I1 PROJECTILE, STEEL SPHERE 10.656" DIR)
SUNCDAIED 71TANI[U%
) UNCORIED RLUIM]NUM1

z

'0
(3
C3)

iin

I-

o UL0

_. -
IL C

0

0 
o

VEOCTY(FS

Fiue1.FrtMxm o pcrlIrdac
at92Aa ucto fVlct

I26



€3

PKOJECIILE STEEL 6tPHERE (0.656w DIR)
[ UNCO8ITED TITANIUM
, UNCORTED IUiLflWINUM

0
cIi

z
I

r i

C o

al

CoC3,

CC)

-3

...
U00'
U j Iz 3

C33
Vol.

1- ,

VELOCITY (F 5)

Figure 12. Second Maxima of Spectral Irradiance
at 9025A as a Function of Velocity

27



reeason forEa num having 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.

Figure 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 7010A and Figure 15 for 9025A indicate

that the flash energy for titanium is significantly higher

than aluminum as was predicted by Figures 4 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

occurs 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 
I

Time Duration of Flash

2024 T-3 Aluminum 6AI-4V Titanium
Average AverageVelocity Duration Time Velocity Duration Time

(FPS) ni1(milliseconds) (FPS) -(Milliseconds)

2108.2 0.08 1971.4 O.04

2536.5 0.08 2073.7 0.03

2612.7 0.07 2320.2 0.08

2911.2 0.11 2466.1 0.08

2943.3 0.1i0 2548.0 0.33

3424.6 0.08 2564.7 0.28

3514.9 0.10 2801.1 0.89

3944.8 o.!o 2954.2 0.59
41o4.i ).08 2956.3 o.68
4938.3 0.10 3246.8 0.58

5464.5 0.11 3439.4 0.60

3508.8 0.72

3707.1 0.48

3714.0 0.55

3964.3 0.52

4ooo.o 0.63

4153.7 0,56

4454.3 0.58
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energy which was found to be of greater magnitude for

titanium and sees a "brighter" flash for titanium.

Effect of Test Coatings on Flash Reduction

The second 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 16, 18, and 20 show that all three

coatings had a negligible effect on the first flash maxima.

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 plots 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 less than
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with the coating up ranges. From Figures 25 through 3:, 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 second maxima

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 = KVn (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 generated in this test that the spectral

Irradiance of the aluminum impacts scaled to an average of
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Empirical Constants for Uncoated Targets

Spectral Irradiance I = KV n

Wavelength(A) K n

6AI-4V Titanium

First Maxima 4008 1.116E-21 5.758

7010 I.661E-17 4.896

9025 3.702E-26 7.398

Second Maxima 4008 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 5.995E-19 5.328

Second Maxima 4008 2.941E-23 6.439

7010 2.715E-16 4.589

9025 6.119E-21 5.956

Total Flash Energy E = KVn

6AI-4V Titanium 4008 7.232E-34 8.274

7010 2.463E-32 8.072

9025 3.752E-32 8.110

2024 T-3 Aluminum 4008 8.816E-28 6.468

7010 2.664-E-22 5.054

9025 4.093E-34 5.609
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Emperical Constants For Titanium Targets Coated
With White Polyurethane Paint

Spectral Irradiance I = KV

Wavelength(A) K n

Coating on Up Range Side

First Maxima 4008 1.222E-24 6. 548

7010 4.777E-20 5.579

9025 1.450E-26 7.474

Second Maxima 4008 5.605E--2 8.721

7010 1.898E-23 6.583

9025 I.964E-26 7.476

Coating on Down Range Side

First Maxima 4008 3.959E-33 9.057

7010 3.427E-24 6.830

9025 4.621E-25 7.070

Second Maxima 4008 4.856E-32 8.846

7010 1.579E-26 9.139

9025 6.434E-32 9.139

Total Flash Energy E = KVn

Coating on Up Range Side

4008 2.545E-35 8.621
7010 2.196E-24 5.813
9025 1.1314E-38 9.806

Coating on Down Range Side

4008 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 I = KVn

Wavelength(A) K n
Coating on Up Range Side

First Maxima 4008 9.931E-32 8.601

7010 7.873E-28 7.784

9025 1. 664E -47 13.4h57

Second Maxima 4008 1.555E-32 8.901

7010 5.613E-27 7.567

9025 6.368E-33 9-.291

Coating on Down Range Side
First Maxima 4008 8.114E-32 8. 684

7010 9. 876E-20 5. 522

9025 9.491E-23 6.4oo

Second Maxima 4008 3.161E-37 10.307

7010 1.865E-28 8.07-4

9025 1.807E-39 11.200

Total Flash Energy E = KVn

Coating on Up Range Side

4008 2.192E-•l 7.549
7010 1.869E-23 5.566
9025 1. 367E-33 8.453

Coating on Down Range Side

4008 1.026E-35 8.831
7010 6.998E-29 7.141
9025 1.112E-35 9.132
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TableY ______-___

Empirical Constants for Titanium Targets Coated
With Flurocarbon Paint

Spectral Irradiance I = KVn

Wavelength(A) K n

Coating on Up Range Side

First Maxima 4008 4.769E-28 7.592

7010 i.o062E-24 6.869

9025 3.395E-27 7.656

Second Maxima 4008 4.775E-35 9.589

7010 1.877E-28 7.995

9025 2I591E-37 10.508

Coating on Down Range Side

First Maxima 4008 2.182E-36 9.985

7010 3.312E-26 7.329

9025 4.359E-29 8.224

Second Maxima 4008 3.143E-41 11.416

7010 1.772E-37 10.526

9025 4.839E-42 11.928

Total Flash Energy E = KVn

Coating on Up Range Side

4008 1.267E-31 7.605

7010 5.584E-28 6.765

9025 9.791E-34 8.497

Coating on Down Range Side

4008 4.038E-43 10.883

7010 2.934E-30 7.533
9025 7.796E-41 10.562
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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

2t29). 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

value of the power to which the velocity was raised for

each target material gives support to Mansur's statement

that the flash cannot be modeled as a simple relationship of

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

Steel-Titanium Inpacts at Velocities Under 2500 fps

Analysis of the oscilloscope traces for impact veloci-

ties under 2500 fps revealed a phenomena peculiar to steel-

titanium impacts. Figure 34 is a sketch 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 the back

face of the target. These streamers 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 face 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 impact

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.

Temperatire Analysis

Previous studies of impact flash, the most recent by

'Mansur (Ref 2),'have assumed that the flash radiates as a

blackbody. When a light source radiates as a blackbody, it

59



.- .... 
.. ............ __ _

Reprducedlfroma
bjestjvailable copy.

I K-

-J.

Figure 35. Flash Located Six Inches Down
Range From The Target

60



is possible to determine the temperature of the source from

Planck's equation.

SXCI /(-YEXP(C%/T)-l) (3)

where J. is the spectral irradiance in watts/cm2 -A or

similar units, C1 and C2 are constants, X is the wavelength

in question, and T is the temperature of the blackbody.

Calculations of JX 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 3?.

For comparison with M'lansur's work, the spectral irradiance

for 3000, 3500, 4000, and 5000 fps impacts in aluminum were

plotted in Fignre 36. The temperature for the 350n through

5000 fps velocity range was found to vary from 28000 K to

35000 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 4500

fps velocity range, the experimental data approximates a

straight line while the 5000 fps data approximates a curve

with a slope opposite to the blackbody curves.

Several assumptions are made in the application of

"Planck's equation. One of the basic assumptions is that

the blackbody has a known onsýa t surface area. In the
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case of a flash, it starts 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 2136).

Photographic analysis of the flash shows that the maximum

surface area increased as the impact velocity increased.

Another factor which effects the accuracy of the blackbody

approximation is the variation of the emissivity of the

heat source under evaluation. Emissivity will vary with

the degree of oxidation and thus will be a function of 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 6500A in several handbooks and

are found to be relatively constant for these wavelengths

(Ref 19:98). Because the combustion of titanium is

associated with a molten mixture of oxide and metal and

the reaction takes place at the surface of this molten

mixture (Ref 21:360), and because the exact effect of the

surface area variations and value of emissivity at 9025A

are not known, the experimental data points at this wave-

length were given less weight in this analysis. From

Figure 37, the data for 4008A and 7OOA shows that the

titanium flap" approximates a blackbody and the temperature

varies from 2400 to 4000o K over a velocity range of 3000

to 5000 fps.
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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 4008A 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 approximately 0.56

milliseconds.

Scaling the intensity of the spectral irradiance and

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

While flash in aluminum targets occurred as a single

event of two intensity maxima, titanium was characterized

by an event of two intensity maxima at impact with the

possibility of delayed ignitions and minor pulses of

spec •ral irradiance as the titanium fragments traveled dovm

range. This delayed irEnition is most evident at impact

velocities under 2500 fns. In this velocity range, a third

maxima, which is larger than the previously recorded maxima

by a factor of four, occurs 0.2 to 0.5 milliseconds after
impact.

Coating the impact surface with polyurethane paint,

barium titanate silicone paint, and flurocarbon paint

reduced the flash by only a small amount. Coating the

down range surface of the target with these paints had

negligible effect on reducing flash over the range of

impact velocities and wavelengths investigated during this

te st.

The spectral irradiance of the aluminum and titanium

impact flashes were analyzed as approximations to blackbody

radiation sources. From this analysis, the aluminum flash

temperature ias found to vary from 2800 to 25000 K over a

velocity range of 3500 to 5000 fps, while the titanium flash

temperature varied from approximately 2400 to approximately

40000 K over a velocity range of 3000 to 5000 fps.

In summary, the spectral irradiance and energy of the

flash from titanium increases as the eightn power of the
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velocity while the temperature ranges 2400 to 40000 K over

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

systems as-important kill 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

The results of this investigation revealed three areas

which require 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 be determined. A delayed

ignition of the magnitude observed in this investigation

away from the impact surface would be a definite ignition

source for aircraft fires.

Secondly, further work. should be conducted in the area

of flash termperature measurement. Studies should be conduc-

ted tn determine the actual surface area of the flash viewed

by the sensors at each wavelength and the effective emissiv-

ity at these wavelengths 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 of

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

.froml aluminum. This lead should be followed and expanded

to incl..de h.ta'-....f.-t.he-art- fuel ceil additives, in

particular foams and a fuel cell damage control system
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(Ref 22) which consist of layers of ballistic nylon and

reticulated rigidized foam. These studies, and all 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 Eguipment

The experimental portion of this investigation was

conducted 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-i. Using the target as P reference

point, Figure 2 shows the up range test instrumentation

while Figure 3 shows the down range instrumentation. Figure

A-I depicts the connections between range and control room

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 gin. This gun had an eight foot barrel

and was chambered to accept a standard military casing.

The casings were primed with a standard 20 mm electric

primer and the gun was fired electrically. By varying the

powder loads from 70 grains to maximum load of 470 grains

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

powder and thus higher velocities could have been obtained,

but range limitations, specifically the high over pressures

in a closed range, made velocities above 5500 fps impractical.
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Instrumentati on

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 system.

Velocity Nieasurement. The projectile velocity was

measured 29 feet prior to impact over a 4 foot distance.

The velocity screens, shown in Figures 2 and A-1 consisted

of continuous line printed circuit paper. The velocity

screens were connected to two Hewlett-Packard :-odel 5300A

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

through the first screen, both timers were started and per-

foration of the second velocity screen stopped the timers.

The timer read-outs were in microseconds and were converted

to velocities calculated to the nearest tenth of a foot per

second.

Impact Flash Spectrometer. This system consists of an

Exotech three cnannel spectrometer, low and high voltage

power supplies, a Techtronic 556 Dual Beam Oscilloscope,

and a Techtronic 565 Dual Beam Oscilloscr4,. Pretest

checks of the spectrometer system revealed several undocu-

mented alterations of the photomultiplier control circuits

and defective components. Because the modifications were

undocumented and rade the systems reliability questionable,

they were removed. The spectrometer system also included
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three lead 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 removed

without effecting the photomultiplier tube circuits. This

modification was made when the defective components were

replaced. The cir:uitry 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 anode. Photons from

the light source strike the photocathode. This releases a

number of electrons, which are accelerated onto the first

stage or dynode of the multiplier, where they each release

additional secondary electrons, which -re accelerated onto

the next dynode, and so on. A potential gradient 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 output. 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-1 spectral sensitivity (Figure A-4) and the two

visual tubes had a type S-20 spectral sensitivity (Figure

A-5). To allow examination of the flash at various wave-

lengths, narrow band by-pass filters were placed in frnrt

of the photomultiplier tubes.
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_-tohe spetral rngs of these filters are shown in Figute A-6.

To avoid saturating the photomultiplier tubes, Kodak Wratten

neutral density filters were used to 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 photorultiplier tubes was routed to

the two oscilloscopes as shown in Figure A-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 Corporation

Model 1463 Trigger Generator, which insured trace sweep start

before Projectile impact.

Still Camera. A 4 x 5 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 510M camera systems, a Model 5001 Four

Channel Time Delay, and two camera heads which use standard

Polaroid film. The time delay circuisry did not 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

closed after the shot.
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Appendix B

Calibration

The oscilloscope traces were recorded in volts per

division and milliseconds per divisions, To convert this

data to more usable values, the following calibration con-

version calculations were performed.

Calibration of Photomultiplier Tubes

A calibration light source was provided with the spec-

trometer system. The light source assembly consists of a

1000 watt quartz iodide bulb, a mechanical chopper, 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 cm -nanometer at a distance of 50 cm. The calibration

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

Calibration Strengths at 50 cm

Wavelength Strength

4008A 2.28 uw/cm2 -nm

7030A 21. 10 uw/ra 2-inm

9025A 25.28 uw/cm -rnm

Calibration Procedure. The calibration source was

placed at various distances from the spectrometer, and the

high voltage power supply was set at 9C0 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 D2 V was expected, where D is the distance between

the source and the sensor and V is the recorded voltage.

Values of D2V constant within five percent were obtained.

From this an average value of D2 V at the various wave-

lengths was calculated and recorded in Table B-II.

Table B-II

D2V Constants for Test Wavelengths

Wavelength D2 V Constant

14008A 64o.o ft 2 volts

7010A 600.0 ft Volts

9025A 36.o ft2 volts
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The values in Tahe h-!1 were used' to calcul ate the conver-
sion factCors necessary to convert the inue scp

output to uw/cm2 -n..

Sample Calculation of Conversion Fact cr. From Table B-i,

at 50 cm (1.641 ft) the source produces 2.28 iw/ci2-nim for a
waveie- of 4008A. Since the Dj2 constant for this wave-

length is S540.0 11 volts (Table B-IT), at a distance of

1.64 ft, an out put of

640.O ft volts 237.95 volts (4)

(1.64 ft) 2

would be expected as a result of 2.28 gw/cm -_nm of light

irradiance produced by the source. This gives for 1.64 ft

2.28 :w/c2-n O. 00958 w/_CM I -(5)
237.95 volts volt

At D = 7.0 ft, which was the distance from the flash to the

sensors, the scale factor required to convert the scope
2

reading from volts to microwatts/cm -rim is

Scale Factor = (0.00958 (w/cm2 -nm/volt)(7.0 ft) (6)(1.64 ft) 2

= 0.1745 uw/cm -nm/volt.

Similarly at X = 7010A

Scale Factor 1.72316 pw/cm 2-nmvolt

arid for X 9025A

Scale Factor = 34.408 4w/cm2 -nm/volt.
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Calibration of Kodak Wratten Neutral Density 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 to insure the read-

ings remained valid. The aerc , Ziz rz shown in Table

B-III.

Table B-III

Fraction of Light Passed at Selected Wavelengths

by Kodak Wratten Neutral Density No. 96 Filters

Amount of Light Passed
Filter No. 4008A ?OXOA 9021A

0.5 0.3607 0.4814 0.5000

1.0 0.0950 O.1480 0.2600

2.0 0.0041 0.0148 o6oo

The raw data from the neutral density filter evaluation

was processed in the same manner as the photomultiplier itabe

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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Scale Factors for All Test Filters

Conversion Factor (iw/cm -nny'volt)

Filter No. 4008A 7O10 9025A

0.0 (none) 0.183 1.915 12.387

0.5 0.508 3.977 24.774

1.0 1.926 12.928 47.643

2.0 44.688 128.238 206.453
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Appendix C

Test Data

Over 100 test shots were conducted during this

investigation. Compiled in this appendix are the tables

of the results of these shoLs 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 Aer.3nautical System Division's Control Data

Corporation 6600 computer located Lt Wright-Patterson Air

Force Base, Ohio. This computer facility was used to

comptute the least squares curve approximation to the test

data and generate Figures 7 through 33 and Figares C-1

through C-20.
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Table C-I

Spectral irradiance of First Flash Maximua
for Uncoated Titanium Target impacts

Velocity Spectral irradiance (Mi'crowatts/C 2, -2_l)

(Fps) 4008A z7 010A22 2ZA

2548.0 0.0549 1.3405 0.7432

2564,.7 0.0366 0.5745 o.6194

2801.1 0.1098 1.3405 .-3626

2954.0 0M1098 1.3405 1.4864

2956.3 0.0915 1.5320 n

3246.8 0.3048 2.3862 3,4684

3439.4 0.2562 2.3725 n

3508.8 n n 2.4774

3707.1 0.2032 4.7724 12.3870

3714.0 0.3048 5.9655 n

3964.3 o.6604 7.9540 1W.3418

4000.0 O.5856 7.6600 n

4153.7 0.6096 7.9540 29.7288

4454.3 1.3176 n n

4618.9 1.9260 n n

5221.9 3.0480 n n

n - no data
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7.1

Table C-II

Spectral Irradiance of Second Flash Maxima
for Uncoated Titanium Target Impacts

Velocity Spectral Irradiance (Microwatts/cm -nm)
(FPS) 4008A 7010A 9025A

19 71.4 0.0183 0.1915 0.1239

2320.2 0.0183 0.0958 0.1858

2548.o 0.0732 1.5320 0.9909

2564.7 0.0915 0.7660 0.7432

2801.1 0.1281 1.5320 1.4864

2954.0 0.2.464 1.9150 1.9819

2956.3 0.2196 2.6810 n

3246.8 0.6096 5.1701 8.4232

3439.4 0.3294 3.8300 n

3508.8 n n 3.7161

3707.1 0.5080 8.7494 24.7740

3714.0 0.4064 6.3632 n

3964.3 1.5240 15.1126 34.6836

4000.0 .. 1.3542 15.7030 n

4153.7 2.3368 21.4758 69.3672

4454.3 1.3908 n n

4618.9 8.4744 62.1024 171.5148
4926.1 89.3760 155.0856 n

5115.1 80.4384 180.9332 578.0684

5221.9 6.0960 n n 1t
5390.8 17.7192 113.7664

5578.8 205.2528 516.9520 n

n - no data
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Table C-Ill

Spectral Irradiance for Uncoated
Aluminum Target Impacts

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cm 2-nm)

(FPS) 4008A 7010A 9025A

2108.2 n n n

2536.5 0.0732 0.3830 0.2477

2612.7 0.5124 n 4.9546

2911.2 0.3111 1.5320 0.7432

2943.3 0.5856 2.6810 2.7251

3427.6 1.6104 n n

3514.9 1.4224 4.7724 n

3944.8 1.9304 6.3632 7.9277

4140.8 2.0320 7.1586 12.3870

4938.3 26.8128 n n

5464.5 13.4064 n n

Second Flash Maxima

2108.2 0.1281 0.9575 0.4335

2536.5 0.1464 0.7660 0.6194

2612.7 0.3294 0.3830 2.4774

2911.2 0.4392 2.1065 1.2387

2943.3 0.6222 3.0640 3.2206

3427.6 1.9764 n n

3514.9 2.5400 9.5448 13.8734

3944.8 3.2512 11.1356 14.8644

4140.8 2.7432 12.7264 29,7288

4938.3 49.1568 25.8476 61.9359

5464.5 26.8128 25.8476 82.5812

n - no data
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Table C-TV

Spectral Irradiance for White Polyurethane
Paint Coated Titanium Target

(Coating on Up Range Side)

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cm2- nrim)

(FPS) 4oo8A 7010A 2025A

2151.7 n n n

2585.6 0.0293 0.4405 o.6194

2943.3 O.0549 0.9575 0.7432

3389.8 0.1830 3.4470 n

4028.2 0.5080 10.7379 Y17.3418

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 o.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 44.p688 77.5428 165.1624

n - no data
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F Table C-V

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

First Flash Maxina

Velocity Spectral Irradiance (Microwatts/cm2 -nm)
(FPS) 4008A 7010A 2025A

2115.3 n n 0.1486

2580.6 0.0549 0.766o 0.6193

2909.1 0.0732 1.5320 n

2949.9 0.1464 3.0640 n

3472.2 0.1461 3.8300 4.9548

3976.1 n 4,7724 n

4535.1 n n n

4896.0 17.8750 77.5428 n

5449.6 26.8128 155.0850 n

Second Flash Maxima

2115.3 0.0256 0.2681 0.1982

2580.6 •.0732 1. 0533 0.9989

2909.1 0.1093 2.2980 n

2949.9 0.4209 5.5535 n

3472.2 o.4392 5.3620 7.4322

3976.1 1.3208 16.7034 n

4535.1 7.7040 n 214.3900

4896.o 71.5008 168.oo9o 516.1300

5449.6 71.5008 413.56oc 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/crn -nra)

(FPS) 4008A 7010A 902L

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

3454.2 0.3660 3.8300 6.9367

3988.0 1.5240 14.3172 n

4028.2 n n n

4241.8 3.9770 3.9770 n

4592.4 n n n

5263.2 n n n

5509.6 n. n n

Second Flash Maxima

2123.2 n O.0383 0.0495
2560.8 0.0366 0.3830 0.1858
2902.8 0.1281 1.1490 o
2932.6 0.1464 1.2447 1.1148

3454.2 0.5124 6.,28o 8.4231

3988.0 1.6256 14.3172 n

4028.2 1.1176 11.1356
4241.8 1.7272 14.3172 42.1158
4592.4 3.4668 25.8560 76.2288

5263.2 53.6256 64.6190 206.4530

.5509.6 35.7500 77.5428 247.7400

n - no data
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r_.. _ . 'fabie C-ill

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

First Flash Maxima

2-
Velocity Spectral Irradiance (M,1icrowatts/cm -nmf

(FPS) 4008A 0 Q 02 5A

2594.-, 0.0732 0.7660 O.68S3

2960.8 0.1098 1.7235 1.7342

3445.3 0.2928 3.0640 3.2206

4o08.o 0.6096 6.3632 12.3870

4514.7 0.7704 5,1712 n

4842.6 88.5200 64.6193 n

5464.4 n n n

Second Flash :.axinma

2594.0 0.0732 o.8617 0.7432

2960.8 0.2562 2.2980 1.9819

3445.3 0.6588 5.7415 7.9278

4008.0 1.6256 15.1126 34.6836

4514.7 7.7040 33.6128 199.6800

4842.6 61.9640 168. 0094 722.5800

5464.4 177.0-400 387.7140 1156.1360

r - n•o data
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Table C-VIII

Spectral Irradiance for Flurocarbon
Paint Coated Titanium Target

(Coating on Up Range Side)

First Flash Maxima

Velocity Spectral Irradiance (Microwatts/cm2 -nn)

(FPs) 4008A 7OOA 9025A

2584.0 n 0.1532 n

2605.9 n 0.1915 n

2928.3 0.1281 1.3405 0.9909

3493.4 0.3294 4.0215 4.4593

4028.2 1.1176 11.9310 19.8192

4597.7 1.5408 15.5136 38.1144

5256.2 13.4064 25.8476 82.5812

5524.8 13.4064 38.7714 n

Second Flash Maxima

2584.0 0.0292 0.3064 n

2605.9 0.0228 0.3830 0.1238

2928.3 o.1464 1.3405 1.1148

3493.4 0.4375 4.4045 4.9548

4028.2 1.0160 10.3402 23.783'-)

4597.7 2.3120 23.2704 66.7022

5256.2 44.6880 129.2380 330.3248

5524.8 53.6256 180.9332 495.4872

n - no data
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___ ____ ___ ____ ___- Thli~ C-fl __ __ __

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

First Flash Maxima

2
Velocity Spectral Irradiance (Microwatts/cm -nm)

(F=O) 4008A 7010A 9025

2594.0 0.0732 0.9728 n

2941.2 0.0915 O.4064 1.4864

3490.4 0.2562 1.4732 5.6980

4028.2 o.9144 9.5448 19.8192

4494.4 1.1556 15.5136 n

4842.6 62.5632 51.6952 n
5509.6 107.2512 103.3904 n

Second Flash Maxima

2594.0 0.0915 0.2794 n

2941.2 0.1098 0.4572 i.6103

3490.4 0.3294 1.4224 6.1935

4028.2 1.8288 17.4788 34,6836

4494.4 6.9336 54.2976 190.5720

4842.6 102-7824 155.0856 578.0684

5509.6 321.7536 413.5616 n

n - no data
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Table C-X

Flash Energy for Uncoated
Titanium Target Impacts

Velocity Total Energy (Ergs/cm2_nm)

(FPS) 4008A 7010A 9 02.4

1971.4 n 2.68E-6 4.29E-7

2320.2 4.29E-6 1.50E-5 2.91E-4

2466.1 n 3-00E-5 n

2548.0 2.28E-5 1.50E-4 9.70E-5

2564.7 2.00E-5 1.20E-4 9.70E-5

2801.1 2.86E-5 2,70E-4 2.32E-4

2954.2 4.OIE-5 9.60E-4 5.04E-4

2956.3 5.29E-5 6.30E-4 n

3246.8 5.43E-5 5.40E-4 8.73E-4

3439.4 1.26E-4 1.20E-3 n
3508.8 n n l.04E-3

3707.1 1.Z7E-4 1.61E-3 5.04E-3

3714.0 1.l1E-4 1.98E-3 n
3964.3 2.54E-4 2.85E-3 6.59E-3
4ooo.o 3.21E-4 3.OOE-3 n
4153.7 4.13E-4 2.73E-3 1.16E-2

4618.9 1.28E-3 8.91E-3 2.69E-2

4926.1 7.OOE-3 1.22E-2 n
5115.1 4.20E-3 1.21E-2 3.88E-2
5390.8 1.97E-3 1-70E-2 n

5578.8 3.64E-2 5.67E-2 n

n - no data
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Table C-XI

Flash Energy for Uncoated
Aluminum Target Impacts

Velocity Total Energy (Ergs/cm2 -nm)

(?M') 4008A 7010A 9025A

2108.2 2.86E-6 1.50E-5 1.94E-5

2536.5 5.70E-6 3.OOE-5 4.85E-5

2612.7 2.29E-5 n n

2911.2 2.OOE-5 I..50E-4 3.88E-5

2943.3 2.14E-5 9.O0E-5 1.8BE-4

3427.6 7.45E-5 n n

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

3944.8 1.09E-4 3.72E-4 7.35E-4

414o.8 6.30E-5 3.72E-4 5.80E-4

4938.3 2.IOE-3 n n

5464.5 1.05E-3 2.02E-3 3.23E-3

n - no data
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Table C-XII

Flash Energy for White Polyurethane Paint
Coated Titanium Target Impacts

(Coating on Up Range Side)

Velocity Total Energy (Ergs/cm2 -nm)
(FPS) 4008A 700A-

2151.7 1.15E-6 6.OoE-5 n
2585.6 1.55E-5 1.20E-4 n
2943.3 2.00E-5 1.80E-4 9.70E-5
3389.8 5.73E-5 8.40E-4 n
4028.2 1.57E-4 6.69E-3 4.19E-3
4201.7 2.98E-4 2.23E-3 6.98E-3

4629.6 6.38E-4 4.86E-3 1.12E-2

5256.2 5.60E-3 6.06E-3 3.55E-2

5509.5 7.OOE-3 1.01E-2 4.84E-2

(Coating on Down Range Side)
2580.6 1.86E-5 7.50E-5 1.36E-4
2909.1 2.869-5 2.10f-4 n
2949.9 9.158-5 9.OOE-4 n
3442.6 1.26E-4 1.38E-3 1.90E-3
3976.1 1.88E-4 2.23E-3 n
4535.1 9.63E-4 n 3.14H-2

4896.0 5.63E-3 1.81E-2 6.46E-2

5449.6 7.OOE-3 3.24E-2 1.61E-1

n - no data

117



T - _P_.-- -

Cll

-4

Ci,

oCo

t0

-J5

rIr

lie7

!: 11V

[



CV
p0

el.C

,m CN C.) v

,-

(1)

-wi!""""" .. V . . . . . . 3.01 C-•

,o

.3-i ~

.3-f b.0

4"-W

C 0

cd

I-,

14 --

(RW-k3'0S/SOV3) AO33 G

C-(D

C.C

3w Pw

400

jmvrr-- Nn
;,O

lh..



Table C-XIII

Flash Energy for Barium Titanate Paint
Coated Titanium Target Impacts

(Coating on Up Range Side)

Velocity Total Energy (Ergs/cm2-nm)

(FPS) 4008A 7010A 9025A

2560.8 1.57E-5 1.80E-4 5.83E-5

2902.8 2.57E-5 2.70E-4 n

2932.6 4.86E-5 3.90E-4 2.91E-4

3454.2 9.74E-5 1. 26E-,3 1.70E-3

3988.0 2.82E-4 2.23E-3 n

4028.2 2.83E-4 1.98E-3 n

4241.8 3.14E-4 2.85E-3 1.06E-2

4592.4 5.74E-4 4.45E-3 9.71E-3

5263.2 8.40E-3 8.08E-3 4.19E-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 I55E-4

2960.8 8oOOE-5 5.70E-4 6.59E-4

3445.3 2.06E-4 1.86E-3 2.52E-3

4008.0 2.35E-4 2.48E-3 5.62E-3

4514.7 7.66E-4 6.88E-3 3.14E-2

4842.6 4.90E-3 1.-41E-2 5.16E-2

5464.4 2.52E-2 4.45E-2 1.55E-1

n - no data
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Table C-XTV

Flash Energy for Flurocarbon Paint
Coated Titanium Target Impacts

(Coating on Up Range Side)

2
Velocity Total Energy (Ergs/cm -nm)

(FPS) 4008A 7010A 9025A

2584.0 9.16E-6 8.40E-5 n

2928.3 4.57E-5 1.50E-4 1.94E-4

3493.4 1.17E-4 1.08E-3 1.35E-3

4028.2 3.92E-4 3.22E-4 7.76E-3

4597.7 2.55E-4 2.83E-3 1.49E-2

5256.2 4.90E-3 1.41E-2 2.90E-2

5524.8 4.20E-3 I.41E-2 5.49E-2

(Coating on Down Range Side)
2941.2 6.57E-5 5.l0E-4 5.04E-4

3490.4 8.58E-5 1..32E-3 1.41E-3

4028.2 2.82E-4 3.22E-3 6.0oE-3

4494.4 7.OlE-4 8.10E-3 2.98E-2

4842.6 1.05E-2 1.61E-2 9.69E-2

5509.6 4.76E-2 6.07E-2 n

n - no data
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