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X-RAY MULTI-FLASH SYSTEM FOR MEASUREMENT OF
PROJECTILE PERFORMANCE AT THE TARGET

ABSTRACT

A new technique using a multi-flash x-ray system has been developed
to measure projectile striking velocity, angle of yaw at‘ impact, plastic
flovw properties at the projectile/target interface, penetration time,
and the amount and direction of material emerging from the rear surface

of the target.
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INTRODUCTION

The terminal ballistic performance of kinetic energy projectiles
attacking a target is important to projectile designers and to weapon
systems analysts. A knowledge of the behavior of penetration velocities
as a function of target material and penetrator material design will
permit and assist in the development of new materials for use in kinetic
energy projectiles. In order to evaluate the effectiveness of a penetrating
projectile, data pertaining to phenomena behind the target are required.
The principle contributions to damage behind the target are made by the
remaining projectile and fragments from the projectile, and the target
following projectile perforation. To evaluate damage behind the target,
the dynamics of such fragments in terms of weight, speed, and spatial
distribution are needed. A new technique employing a multiple flash
x-ray system has been developed and tested which describes projectile

' approach, penetration, and subsequent emergence and spall characteristics.
i

MULTI-FLASH X-RAY SYSTEM

The 105=-KV x-ray system consists of 12 x-ray tubes arranged as shown
in Figure 1. A time delay generator in the system pulses each tube or
set of tubes for 0.1 usec at preset time intervals ranging from 1 usec
to 10 m sec. Each tube is contained in a housing 2-1/8 inches in diameter
and 12 inches long.

Four tubes arranged in pairs provide simultaneous orthogonal radio-
graphs of the projectile in free flight before target impact. The
projectile striking velocity and angle of yav are measured from these
radiographs.

. 8ix tubes mounted in one vertical plane are used to obtain measure- -
ments of the projectile deformation at impact and distanco-time during
penetration.
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Two tubes arranged in an orthogonal plane behind the target are.
pulsed simultaneously at & preset time to supply the data needed to
determine the parameters behind the target.

Celotex sheets located approximately thirty inches behind the target i
permit the recovery of fragments if desired.

PROJECTILE PERFORMANCE BEFORE AND DURING TARGET IMPACT

The x-rays provide radiographs of the projectile in free flight and
at impact, and from these radiographs the striking velocity, yaw and
displacement-time are obtained.

Projectile Velocity

The projectile velocity is determined by measurements taken from a
sequence of flash rad’ ographs of the projectile in flight. These
measurements are corrected by an appropriate magnification factor (K),*
to describe the actual projectile path. The system of coordinates used
is shown in Figure 2 and the Appendix. The bottom film lies in the X-2
plene and the side film lies in the Y-2 plane., Values of X, Y and 2
are obtained directly from the radiographs and K is given by the equatiom:
-33_(_)(-1-)(,‘)-1!1 (X3 = X,) () ;

Xy Ya v (X3 - %) (¥, - YlT‘

K

vhere X and Y are the horizontal and vertical coordinates respectively.
Subscripts denote x-ray tube coordinates and radiographic coordinates of
the projectile. The projectile coordinates in space® are:

x= x1 (1 X) (2)
y-ylu{ (¥, - 1,) (3)
1=2K | | (%)

The diatance traveled by the projectile between x-ray tube staticns is:

8 -:2 -5 . (5)

" Vsee Appendiz for derivation.
o 9
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With S and the known time, t, between tube flashes of station 1 and
station 2, the average projectile velocity is:

=5
| v =% (6) |
and the projectile striking velocity is: :
2
= d
Vs-Vaexp(-KDpMs) (7

where

KD = drag coefficient

p = air density
d = projectile body diameter
M = projectile weight

s = distance of projectile travel to target.

Projectile Yaw

As the projectile moves along its trajectory, its axis of symmetry ‘
makes an angle of yaw, §,with the direction of motion, Figure 3. The
angle of yaw is determined by:

tan6-/tan20+tax.28 R (8)
vhere

a = the engle betwveen the longitudinal axis of the projectile
and the line of flight of the projectile measured from
the side radiograph.

8 = the angle betwveen the longitudinal axis of the projectile
and the line of flight of the projectile measured from
the bottom radiograph.




DIRECTION OF MOTION

FIGURE 3
PROJECTILE ANGLE OF YAW (8)
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Displacement~Time

Sequential x-ray fliashes, superimposed on one x-ray film by six or
more tubes mounted vertically in one plane, are used to obtain measure-
ments of displacement-time at the free end of the projectile during pene-
tration. This sequence of radiographs also provides a measure of the
plastic deformation of the projectile at the projectile-target interface
as a function of time (Figure L).

The free-end projectile displacement measurement is made from the
radiograph by measuring the Z component of projectile length et thé
different times after the initial impact. The projectile length measure-
ment, L, obtained from the radiograph is corrected to the actual projectile
length by: -

- %,
il__._.:) . (9)

X

g=1L(

where XT is the distance from film to target impact point. The projectile
free-end velocity is given by:

L.«

v--{l-;-g"i (10)
%

and the projectile free-end deceleration is given by:

Vé-V
21

BEHIND THE TARGET PROJECTILE PERFORMANCE

To characterize the phenomena taking place behind the impacted target,
it is necessary to find the weight and spacial distribution. and residual
velocity of projectile and spall fragments.

13
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. of the target can be estimated from the radiographs. These estimates

Estimating Fragment Weight

The weights of the target fragments prolected from the rear surface

must be checked by measuring the thicknesses in a recovered sample of ‘
fragments from a few rounds for the particular projectile-target combina- |
tion under study. The measured fragment thicknesses are averaged, and %
this average is used for subsequent rounds of the same projectile-target

combination.

During the projectile penetration around the area of contact, in
the case of rolled homogeneous steel armor, a bulge starts to form at
the rear surface. Failure of the plate occurs when the bulged portion
is sheared from the plate. At striking velocities near the ballistic-
limit velocity, the sheared out portion is in the form of a plug whose :
weight is easily determined from the orthogonal radiographs.' As the |
striking velocity is increased, the sheared out portion changes from a
Plug to a circular disc considerably larger in diameter than the projectile.
Further increases in striking velocity cause the disc to break into
fragments of different size, The length and width of the fragment is
obtained from the orthogonal radiographs by assuming a rectangular shape
for the fragment. However, the fragment thickneas is difficult to
measure to any degree of accuracy because certain positions of the fragment
in free flight reswlt in a projected thickness which cannot be corrected
accurately from the orthogonal radiographs.to the actual fragment thickness.
Consequently, the fragmeut thickness, T,, measurement is obtained directly
from the rear surface of the target as shown in Figure_ 5. The measured
fragment length, LF’ and width, "l"' obtained from the radiographs, are
corrected to the actual size by:

tp=K L, (12)

=KW, . (13)

15
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The weight of the fragment is:

wt = £ (14)

FYF T P o
vhere p is the fragment material density.

A sample of fragment weights estimated from orthogonal radiographs
are compared to actual fregment weights in the following Teble. The
fragments listed were projected from the rear surface of rolled homogeneous

armor,

FRAGMENT WEIGHT, GRAINS

Actual Estimated
22.6 20.5
18.9 17.4
13.6 14.3
13.4 14,0
12.3 12.3
11.0 10.3
10.0 10.8

8.0 T.1
7.4 8.7
6.5 6.5
6.5 2.7
5.5 5.7
k.0 b1
3.4 3.8
2.1 2,2
1.9 2.2
1.7 1.5
1.6 1.6
1.1 1,2

.9 .8

17
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The estimated fragment weights, on the average, is within about 8 percent
of the actual weight.

For estimating the residual projectile weight, the same procedure
is used as that for the fragments, but the estimated weight is, on the
average,within about 2 percent of the actual weight.

Space Coordinates

The positions of the residual projectile and spall fragments in space
are determined by the measured coordinates of the impact point on the
target aad the particular projectile and/or fragmeut space coordinsates,
Figure 6.

From these quantities the direction angles 0 and ¢ are computed.

The angle 6 is called the departure angle from the line of fire and ¢
the angle of orientation, observed from the origin of the trajectory and
measured in a clockwise direction, The augle 6 is:

ol ( 2 - 2y . ) (15)
Fx = x)® ¢y =y % (n - 2)°
and ¢ is
cos™) 4.2 ( i )
[ix = 2% + (3 = 7 Ge
vhere the subscript (T) denotes the target impact point coordinates.
Residual Velocity

The residual velocities of the projectile and spall fragonents are
obtained by the use of two x-ray tubes arranged in an orthogonal view
behind t!_xe target. The tubes are pulsed simultaneously at a preset tiwe,
Figure 7 is & flash radiograph showing the projectile and spall fragaents

~ behind the target.

18
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The velocity of each fragment may be accurately calculated from
its measured radiograph coordinates. However, for the case where there
are many fragments behind the target and a small error in velocity is
acceptabie, the radiograph reading time is significantly reduced by
dividing the area behind the target into zones. The width of the zone
determines the accuracy of the fragment velocity measurement. Each
zone is bounded by the top and bottom fragment of any consequential size
and the center of the zone is marked and read. Figure 8 illustrates a
typical zone pattern. The velocity is determined for all fragments
contained in any particular zone. For a typical 1/2-inch zone width
bounded by a 1/2-inch section, the above procedure gives an aversge
fragment velocity error of approximately three percent.

CHESTER GRABAREK LOUIS HERR
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APPENDIX

X-RAY SYSTEM PULSE ERROR

The delay time from the initial trigger imput to the first tube
flash was measured to be 0.4 psec, and the time lapse between tube flashes is
about 0.1 usec. The time lapse between tube flashes is important in
time measurements where At is required; however, this source of system
error is small when projectile and/or fragment velocity measurements
are made because of the long delay times (usually greater than 50 usec)
that are used. The percent time error between tube flashes is

0.1
Et =3 x 100

where t is the delay time between tube flashes in usec.

FRAGMENT CCORDINATE - MEASUREMENTS

The fragment coordinates are measured on a Dats Reducer (099).
Repeating each measurement several times, the accuracy of the measure-
ment is within ¢ 0.001 inches. The percent error in the measurement
is:

f-%ixloo

vhere S is the distance traveled by tl2 projectile and/or fragment in
inches.

23
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DERIVATION OF PROJECTION FACTOR

Y
\ / Py(X35Y2:25)
z
P(x,y,z)
PalRerYys2y)
X

For these equations, P and-Ps lie in the Z = 0 plane El = 23 = El .

1
x-X; y-Y  oz-Z
. 1 1 1

P., P, P, collinear, = o= = K
1 2 xl- X2 Yl' {2 zl.z2

X - X4 y -Y4 z .24
P., P, P, collinear 2T e B e—— Y. =0
374 ’ x3- )(4 Y‘.‘-Y.4 23-24 21y

from (2) x = X, + ?Y; (X5 - X,)

z
from (1) y = Yl_ + .7-‘-2_ (Y2 - Yl)

from (1) 2z = 22(1'7(,-‘{) ,xz =0

Substituting (4) in (3) for y gives:.

3 1

x Xy ¢y [Yl ,"v!'z"(?‘z',yl).] -

2k

1)

@

3)
)

(5)

©®




Substitute (6) in (5) for x and solve for z

z=Z2
z=22
2= |2

~n
+

2

Z

1°3

1

z-Zz

——z = -
Ty, (X3-X) (YY) = 2,

—

XIYS-X4Y3-Y1 (XS- X4)

e

Yy (X=X)=Y, (Xs-

RUSURPILARH

X‘)

.2_2 X +.£)_(§;)_(i‘.)_ (Y
X, | %4 Y, 1
Z, | (XX,
R B Y. ‘IY
X, 3 23
e
Xp  4Y

Z.X

274
X

1

(X5-X4) (¥,-Yy)

Z

2Y1

-

2
2 2
XY [:x1Y3 + (Xg-Xy) (Yz'Y1)_J . A

173
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(XS-X

[X 1\' ;_-

2
(X5-Xy) - X, (Xg-X,) (¥5-Y))

4)

x4Y3‘Y1(x3‘x4):]

(7)
(8)
()

(10)
(1)

a2

as) -
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{ % '
:
Setting quantity in brackets of (13) equal to K and from (4), (3) and (13),
we obtain the space coordinates
x=X (1-K (14)
y = Yl + K (Y2 - Yl) (15) !
|
z=2,K (16) '
i
i
|
k
|
‘ |
= .
3
26-
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where:

DETERMINATION OF ANGLE OF

YAW

X
.\‘e
. octd sq
- ?1036 t‘;\e AR
Wwed°, o 03e®
- A \? A
i i Direction
i D t
Side o;r;gt;g: Botton of motion
Y
a=tan L ; 8=tan 2
2 z
-la
§ = tan ;
az-x2+y2.32tm26
Xx=ztanf8 ;y=2ztana
zzthG-zztm28+z2tm2¢

J.tan b = (tanz g + t.nz a)

§ = angle of yaw.

217

H




Unclagsified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security clessification of title, body of abatract end indexing annotation must be entered when the overall report is claasitied)
1. ORIGINATIN G ACTIVITY (Corporate author) 24. REPORT SECURITY C LASSIFICATION
U.S. Army Ballistic Research Laboratories Unclassified
Aberdeen Proving Ground, Maryland 2b. amoup

1. REPORT TITLE
X-RAY MULTI-FLASH SYSTEM FOR MEASUREMENT OF PROJECTILE PERFORMANCE AT THE TARGET

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

8. AUTNOR(S) (Laat name. first name, initial)

, Grabarek, Chester L. and Herr, Louis

§. REPORKT DATE 74. TOTAL NO. OF PAGES 7b. NO. OF REFS
September 1966 31
8a. CONTRACT OR GRANT NO. 94. ORIGINATOR'S REPORT NUMBER(S)

b proJsecT No1POLL501A33E Technical Note No. 163k

e. 3 S,
5. 3."7:0'1.:0 l'lJOon'r N.O( ) (Any other numbere that may be assigned

d.

10. AVAILABILITY/LIMITATION NOTICES
This document is subject to special export controls and each transmittal to foreign L’

governments or forelign nationals may be made only with prior approval of Commanding
Officer, U.S. Army Ballistic Research Laboratories, Aberdeen Proving Ground, Marylan(.

11. SUPP| EMENTARY NOTRS 12. SPONSORING MILITARY ACTIVITY

U.S. Army Materiel Command
Washington, D.C.

13. ABSTRACY

A new technique using a multi-flash x-ray system has been developed to measure
projectile striking velocity, angle of yaw at impact, plastic flow properties at
the projectile/target interface, penetration time, and the amount and direction of

material emerging from the rear surface of the target.

DD ;323‘3. 1478 CLla88
-

RS T




_ Unclessified
Security Classification

4.
KEY WORDS

LINK A
ROLE wT

LXK B

LINK C
ROLE I wT

ROLE NT

New Technique
Multiple-Flash X-ray
Behind-the-Target Damage
Displacement-Time
Fragment Velocity
Fragment Weight

Space Coordinates

Spall

Terminal Balligtics

1. ORIGINATING ACTIVITY: Enter thc name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate suthor) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over
all security classification of the report. Indicate whether
‘‘Restricted Data" is inciuded Marking is to be in accord-
ance with appropriste security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-

rective 5200. 10 and Armed Forces Industrial Mat:ual. Enter
the group number. Also, when applicable, show that optional
;nu:inp have been used for Group 3 and Group 4 as author-
sed.

3. REPORT TITLE: Enter the complets report title in all

capital letters. Titles in all cases should be unclasaified.
If a meaningful title cannot be selected without clansifica-

tion, show title classification in all cepitals in parenthesis
immediately following the title, :

4. DESCRIPTIVE NOTES: 1f appropriste, enter the type of
report, e. s, interim, progress, summary, annual, or final.
Give t.l: inclusive dates when a specific repori ng period is
cover

S. AUTHOR(S): F.anter the name(s) of suthor(:) se shown on
or in the report. Einter last name, first neme, middle initial
If military, show rank end branch of service. The name «f
the principal author is an absolute mirimum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, yesr; or month, yean 1f more than one date appears
on the report, uue date of publicetion.

7s. TOTAL NUMBER OF PAGES: The total page count
should follow rormal pagination procedures, Le., enter the
mumber of pages containing information

7b. NUMBER OF REFERENCES® Eater the total number of
reflerences cited in the report.

8a. CONTRACT OR GRANT NUMBER: If , enter
the applicable number of the comtract or grant which
the report wee written

85, &, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system sumbers, tesk number, et

9s. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report sumber by which the document will be identified
and controlied by the originating activity, This number must
be unique to this report.

96. OTHER REPORT NUMBER(S): If the report has been
sssigned eny other report sumbers (elther by the originator
or by the aponsor), aleo enter this sumber(a).

INSTRUCTIONS

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those
imposed by security classification, using standard statements
such ag’
(1) *‘Gualified requesters may obtain copies of this
report from DDC.”’
(2) *“Foreign announcement and dissemination of this
» report by DDC is not authorized.”*
(3 “U. 3. Sovernment agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) °'U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shail requust through

(5} “ A1l distribution of this report is controlied Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known

1, SUPPLEMENTARY NOTES: Usge for additional explans-
tory notes.

12 SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory spoasoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. 1f sdditional space is required, a continuation sheet
shall be sttached.

1t is highly desirable that the abatraat of classified re-
ports be unclassified. Each paregraph of the sbetract shall
end with an indication of the military security classification
of the information in the paragraph, represented as (TS), (S),
{C), or (U).

There is no limitation on the leagth of the abstrect. How-
ever, the suggested length is from 150 to 225 words.

14. KLY WORDS: Key words are techaically meaningful terms
or s that characterize & report and may be used a8
index entries for cataloging the report. Kay words must be
selected 80 that no aecurity classificetion is required. lden-
fiers, such as equipment model designation, trade name, mili-
tery project code name, phic location, may be used as
key words but will be fo owed by an indicstion of techaical
context. The sssignwent of links, rules, end weights is

optional.
(e T




