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I. INTRODUCTION

The three broad divisions of nuclear weapons e f f e c t s  are b las t ,
thermal radiation , and nuclear radiation. Blast effects include air-
blast , cratering , and ground shock. Thermal radiation includes the
effects of heat and light. The divisions of nuclear radiation are (a)
the initial effects which include gamma and neutron radiation and (b)
the residual effects which include induced radiation and fallout. The
alpha and beta effects are significant only within distances of approxi-
mately 2 meters of ground zero and are therefore negligible in comparison
with other effects.

Restrictions placed on nuclear testing by regulations, treaties,
and costs made it imperative that a large portion of the nuclear weapons
effects research be done through experimental and simulation techniques.

The objective of this research is to develop an experimental tech-
nique to simulate and evaluate the effects of high concentrations of
x-rays resulting from a nuclear detonation on missile structures (blow-
off) and perform basic tests to establish the validity of the technique.

Prior research investigated the effects of nuclear weapons on missile
structures while subjected to the combined loading conditions encountered
in a flight environment [1] . The primary effects considered were pre-
stress due to flight loads , pressure from the air blast , and heat from
the flight environment plus thermal radiation from the detonation.

The two energy sources considered to explode the foil on the surface
were a high energy capacitor discharge unit and a laser . The high
energy capacitor discharge unit was selected .

Several existing methods measure the slope of deformed plates using
grids projected on the reflecting surface of flat plates [2 ,3,4]. How-
ever, these methods are usually considered cumbersome and more immediate
Moire ’ techniques have been developed which record partial slopes directly.
The first was a double exposure method developed by Ligtenberg [5] . In
this method , Ligtenberg photographed a grating reflected off the surface
of a polished plate before deformation. After deformation a second
exposure was made of the grating projected on the plate. The result is
a Moire’ pattern appearing on the negative that shows the partial slope
contours of the plate in the principal directions of the grid lines.
Rieder and Ritter (61 improved the accuracy of this method by using a
partial mirror and a line grating of a greater density. Finally,
Chiang (71 has used the method of Rieder and Ritter to measure the
partial slopes of plates subjected to a dynamic loading. A complete
description of the different techniques and experimental apparatus is
presented by Theocaris [8] and Durelli and Parks [9].
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The original technique developed by Ligtenberg and the subsequent
improvements have enabled the partial slopes to be determined directly
by a photograph. However, there are some limitations in these methods
which restrict their use. The plate must be initially flat; otherwise,
fringes will occur due to the inital curvature of the plate. For exam-
ple , black Plexiglas is an excellent material to use in the Ligtenberg
method because of the good surface quality. A polished aluminum plate
has enough surface variation to cause many initial fringes. The use of
partial mirrors in the system reduces the available light to the camera
which is a limitation when high-speed cameras are used to photograph a
dynamic event. Also , double exposures are difficult for dynamic events.

To determine the response of flAt plates subjected to blow-off, a pro-
jected grid method was utilized because of the limitations of the more
direct Moire’ methods. A rotating drum camera was used to record the
event with light illumination provided by a pulsed light source of
approximately 8.6-msec time duration. However, all of the avaliable
light was needed to expose the film and proper film exposure could not
be obtained with the Ligtenberg techniques.

In the reflecting grid method of analysis, the data reduction is
0 generally more difficult than the Moire ’ methods. However, if analysis
is restricted to the maximum conditions at the center of the plate , then
the amount of work is considerably reduced. Although data are. recorded
for the complete response of the plate, only the maximum conditions are
included in this report.

II .  THEORY

A. General

The principle of the method used to record slope contours
in thin plates is shown schematically in Figure 1. A light field is used
to reflect a grating onto the reflective surface of an initially flat
plate. After deformation, the camera records the distorted grid pattern
reflected by the deformed plate.

Refer to Figure 2 and let a point a’ on the undeformed plate
reflect light from a point y

3 
on the grid illuminated by collimated light

at an incident angle a. When the plate is deformed, point a’ reflects
light from a point y4 

on the grid . When the plate is deformed , the angle
of rotation of the plate at point a ’ is denoted by ~~~. The angle ~ canbe calculated from the change in shape of the grid pattern.
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CAMERA

INITIAL FLAT PLATE -.

FINAL POSIT ION

- 
NORMAL TO INITIA L POSITION

P OF PLATE

/
LIGHT FIELD

Z I GRID

Figure 1. Schematic representation of apparatus used to obtain
the partial slopes in flat plates.

From the geometry of the schematic of the experimental apparatus,
the target of the angles (a + 2~) and a can be calculated as

y
4 

- y
2tan (a + 2~) = 

~~‘ (1)

-

tan (a) = (2)

From the geometry of the experimental configuration , the following
relationships are known~

Y2 Y + D ~ (3)

Y4 Yl~~~~y
G
y 

(4)

y3 (y + D )  [z
i + 

z] (5)
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~~~~~~~Y4

N~~G
PLATE V3

D a
V PLATE~~a 1.4— GRID

V

0 CAMERA LOCATION

~~~~~~~~~~ Z

Figure 2. Experimental geometry for the blow—off simulation
of a flat plate.

where

a = plate center

G = grid spacing in the y direction

N = number of grids between a1 and a
y

= slope at the point a’

Equations (1) through (5) can be used to solve for the slope of the plate
a’ which has the following form:

= .  fan
4 

[~
X~.Z + 1 - - tan~~ + . (6)
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Equation (6) is the basic equation which relates the slope of the plate
at point a’ to the change in grid spacing . This equation can be sim-
plified for small deformation approximations consistant with the linear
p late theory . However , in the analysis  of the data , Equation (6) wil l
be used in the general form .

B. Restr ic t ions  for Small Ang le Changes

The resul ts  for tan 2~ in Equation (6) can be simp l i f i ed
based on small ang les of rotat ion approximations. The ang le 3 in
E quations (1) and (2) can be put in the following form consistant with
these restr ict ions:

tan (2~ ) = , 2} ~i - tan(a) tan( 2~ )~ - tan(rr ) (7)

The term (y
4 

— y2)/z
’ can be put in the following form :

y4 3~2 ~4~~~~~3
= 

~~
‘ + tan ç~ . (8)

E quations (7) and (8),with the res t r ic t ion  that usually in an experiment
y4 

- y 3
-(: z ’ , can be reduced to

2(y4 - y3) 
cos a

2z’ . 
(9)

Equation (9) in this restricted form agrees with the methods used by
Theocaris [8] and Durelli and Parks [9].

Figure 3 illustrates the coordinate system and location of the
projected grid orders on the fJ.atp late. A reference markwas projected on
the surface of the plate to locate the plate centerline of the x and y

grid orders. Positive and negative grid orders will correspond to the
positive and negative coordinate directions.

C. Stress-Strain-Displacement Relationships for Linear
Plate Theory

In classical plate theory , the strain components are
related to the transverse displacement w(x,y,t) and the in-plane components
u(x,y,t), v(x ,y,t) as shown in the following equations:
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The nonzero stress components are related to the strain components as
shown by the following equations:

~~~ i - v 2 [ € +  v € - (1+ v)cyzsT]

a = 

~ - ~2 [
~ 

+ V Lxx 
- (1 + v)aAT] (11)

E
Txy

_
2 (l + v) ~‘xy

where

u, v, and w = displacements in the x , y, and z coordinate direction,
respectively,

= strain in the x-directionxx

st rain in the y-directionyy

1xy shearing strain

= stress in the x-directionxx
stress in the y-directionyy

= shearing stressxy

a — coefficient of linear expansion
E~T differential temperature

v Poisson ’s ratio.
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III. EXPERIMENTAL GEOMETRY AND METHOD OF LOAD APPLICATION

A . Plate Foil Sublimation Experiments

Initial experiments were conducted to test the proposed
plate-foil design. The aluminum plate design is shown in Figure 4(a),
where an aluinmum foil is bonded to a dielectric layer which is bonded to
the aluminum plate test specimen. This geometry worked very well;
however, some difficulties were encountered which restricted the eventual
use of this configuration. The reflecting surface of the plate could
not be polished so that a highly reflecting flat surface could be
obtained. When a rectangular grid was projected on the surface of this
plate, the reflected pattern was distorted. The polished surface did not
reflect  enough l ight to expose the f i lm properly.

A plate geometry, as shown in Figure 4(b), was made and tests were
conducted to determine the reflecting surface characteristics. This
surface produced very good results. In addition, fabrication of the
models was simplified. The model consists of a clear Plexiglas plate
which has been painted on one side with a flat black lacquer paint.
Aluminum foil of 997. purity is then bonded to the painted surface using a
rubber cement compound. The black surface allows the front surface of
the plate to reflect light in a very efficient manner and serves as a
mask for the light generated when the foil sublirnates.

B. Exploding Foil Experiments

Blow-off simulation of the f lat  plate was determined by
sublimating the aluminum foil with a high energy capacitor discharge
unit.

The electrical design of the equipment of this system is presented
in detail  in a report by Cost et al~ [10]. Basically, the system con-
sists of an l~ ,6O0-J high energy capacitor discharge unit of low induc-
tance electrical energy capable of delivering rapid pulses of intense
electrical currents. The unit has a main capacitor bank which consists
of a six 6O-~if capacitors in parallel producing a combined capacity of
360 if . The main bank is charged from a high voltage power supply which
uses a conventional 115-V 60-cycle ac power supply and a high voltage
secondary unit consisting of four No. 8020 tubes in a bridge rectifier
circuit. Foil sublimation is accomplished by mounting the flat plate
and foil (Figure 4) in a mounting device as shown in Figure 5. The foil
contacts the electrodes and sublimates when the electrical energy is
discharged in the foil. Initial electrode design, as shown in Figure 5,
did not produce a uniform sublimation of the foil. Results of this
design are shown in Figure 6. The corners of the plate did not sublimate
and the high speed photographs shown in Figure 6 indicate a nonuniform
sublimation of the foil.

10



EPOXY DIELECTRIC LAYER

4— ALUMINUM FOIL
ALUMINUM
PLATE

~) 060 inj J I
~~ 14 ~ I he.- 0.001 in.
p.052in4 I

Figure 4(a). Aluminum plate with dielectric layer
and foil backing.

BLACK PAINTED SURFACE

PLEXIGLAS 
_____

PLATE
ALUMiNUM FOIL

FRONT REFLECTIVE
SURFACE

0.25 in. IH —
~‘-j 

4-.- 0.001 in.

Figure 4(b). Plexiglas plate with aluminum foil backing.
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Figure 5. Initial electrode design.
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Redesign of the electrodes is shown in Figure 7. Basically, the
only difference is that the electrodes make contact along the edge of the
foil instead of a small area at the plate edge. The plate holding
fixture is made of G-lO phenolic which is a good insulator. This fixture
has produced very good results which are illustrated in Figure 8. Also a
high speed photograph of the foil sublimation is shown in Figure 8. A
test of a 4 x 4 x 0.001-in, aluminum foil with a capacitor bank voltage
of 7500 V was conducted. The high speed camera was operated at a
framing rate of 3000 frames/sec. The sublimation time of the foil
was measured from the photographic data to be 0.0159 sec.

C. Impulse Calculations

Prior research [11] presented indicates that an acceptable
model for the impulse derived from the sublimation of an aluminum foil
on an insulative substrate is given as:

1
3 

= 9150 ph (Ed 
- E ) 0 5  (12)

where

= impulse (Taps/cm
2
)

Ed 
= capacitor bank energy discharge (Cal/gm)

E5 
= sublimation energy of foil (Cal/gm)

p = density of foil (gm/cm3)

h foil  thickness (cm) ,

Using a density of p = 2.702 gm/cm
3 for aluminum evaluated to be

approximately 997. pure by mass spectroscopy , the following relations hold
true:

1-mil foil: I~ = 62.797 (60.727 ‘
2 

— E ) ° 5  (13)

0.5—mil foil: I~ 31.399 (121.4597 V
2 

— E ) 0 5  (14)

0.25—mu foil: I~ = 15.699 (242.919 V
2 

— E5)
0’5 (15)

where

V = Capacitor bank voltage level (kv)

= 3200 (cal/gm)

= impulse (Taps/cm
2
)
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Figure 8. High speed photograph of foil sublimation with redesigned
electrodes (framing rate 3000 fps , capacitor bank voltage — 7500V ,
foil area — 4 X 4 )( 0.001 in.).
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D. Experimental Geometry and Timing of the Event

The experimental arrangement used for the timing of the
sequence of events in the exploding of the foil and data recording is
shown in Figures 9 and 10. A voltage divider is attached across the
electrodes of the exploding foil test fixture whose output is used to
trigger a Beckman electronic flash through an oscilloscope. A complete
assembly is shown in Figure 10. Data were recorded with a hi gh speed
rotating drum camera with a maximum framing rate of 20,000 frames/sec.
This camera is capable of recording 224 frames with a frame separation
of 39 isec at 20,000 frames/sec. Thus, a flash duration of 8.6 msec
is sufficiently short so that the camera will not rewrite.

1V. DATA ANALYSIS

A . Data Collection

Plate response was determined for various blow—off simu-
lations according to the schedule shown in Table 1. Physical para-
meters for Tests 1 through 38 are

G = 0,5 in.

G = 0.5 in.y

x = 11 in.
y = 0.0 in.
z = 32,0 in.

= 19.25 in.

Physical parameters for Tests 39 through 48 are

G = 0.958 in,x

G = 0.958 in.
y
x = 11 ,0 in.
y = 0.0 in.
z = 32 in.
z’ = 19.25 in.

All data were recorded by a Beckman rotating drum camera using Kodak
2475 recording film. The camera speed for all tests was 17,800
frames/sec. Plate response illustrating the shape of a deformed grid
for a typical test is shown in Figure 11.

18
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TABLE 1. EXPLODING FOIL TES T SCHEDULE

Foil Voltage PlateImpulseTest Thickness Level 2 Thickness
No. (mu ) (kv) (Taps/cm ) (in .)

1 0.25 4.0 411.39 0.25

2 0.25 4.5 650.91 0.25

3 0.25 5.0 841.47 0.25

4 0.25 5.5 1011.13 0.25

5 0.25 6.0 1169.03 0.25

6 0.25 6.5 1319.40 0.25

7 0.25 7.0 1465.56 0.25

8 0.25 7.5 1605.92 0.25

9 0.25 8.0 1744.41 0.25

10 0.50 5.5 683.717 0.25

11 0.50 6.0 1075.180 0.25

12 0.50 6.5 1380.011 0.25

13 0.50 7.0 1647.034 0.25

14 0.50 7.5 1892.323 0.25

15 0.50 8.0 2123.422 0.25

16 1.00 7.5 922.696 0.25

17 1.00 8.0 1645.386 0.25

18 0.25 4.0 411.39 0.1875

19 0.25 4.5 650.91 0.1875

20 0.25 5.0 841.47 0.1875

21 0.25 5.5 1011.13 0.1875

22 0.25 6.0 1169.03 0.1875

23 0.25 6.5 1319.40 0.1875

24 0.25 7.0 1464.56 0.1875

25 0.25 7.5 1605.92 0.1875

26 0.25 8.0 1744.41 0.1875

27 0.50 5.5 683.717 0.1875

28 0.50 6.0 1075.180 0.1875

29 0.50 6.5 1380.011 0.1875
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TABLE 1. (Concluded)

Foil Voltage PlateImpulseTest Thickness Level 2 Thickness
No. (mu ) (kV) (Taps/cm ) (in.)

30 0.50 7.0 1647.034 0.1875

31 0.50 7.5 1892.323 0.1875

32 0.50 8.0 2123.422 0.1875

33 1.00 7.5 922.696 0.1875

34 1.00 8.0 1645.386 0.1875

35 0.25 4.0 411.39 0.125

36 0.25 4.5 650.91 0.125

37 0.25 5.0 841.47 0.125

38 0.25 5.5 1011.13 0.125

39 0.25 4.0 411.39 0.125

40 0.25 4.5 650.91 0.125

41 0.25 5.0 841.47 0.125

42 0.25 5.5 1011.13 0.125

43 0.25 6.0 1169.03 0.125

44 0.25 6.5 1319.40 0.125

45 0.25 7.0 1464.56 0.125

46 0.25 7.5 1605.92 0.125 -~~~

47 0.25 8.0 1744.41 0.125

48 0.25 8.0 1744.41 0.125

NOTES: On tests No. 38, 47 , and 48, the plate
failed under the test conditions and
data were not recorded for analysis.
Figure 12 shows the failure mode of
Teat No. 47.
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Fi gure 11. Plate responses for  tes t No.  23.
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(a)  (b)

(ci (di

Figure 12. Failure of test No. 47: (a) specimen with clamp holder,
(b) specimen without clamp holder , (c) sublimated side of specimen,
(d) fragments of broken specimen.
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Data for each test are tabulated in the Appendix. The location of
the grid orders is denoted as X 2, ~~~ X ,... . Each subscript will

denote the assigned grid order as illustrated in Figure 3. In each test,
several frames were analyzed to obtain enough data to calculate the
maximum strains.

B. Curve Fit Analysis

Plate response was calculated for the maximum conditions
which occurred at the center of the plate for specified impulse loading.
Because the loading conditions were observed to be nearly symmetrical and
data were calculated at the midpoint of the plate, the data reduction
and use of Equation (10) were simplified. For these conditions, Equations
(10) reduce to the following form:

€
XX

€ = - (~)~i 
(16)

7 =0xy

Therefore, if the curvatures ~
2w/~ix

2 amd ~
2w/~y

2 
are known , then the

stress and strain components can be calculated and curvatures are
determined from the change in shape of the grid lines where the plate
thickness h is known.

If grid lines are oriented with lines parallel to the axes of
symmetry (Figure 3), then the grid changes yield the partial slopes
along each of the axes. Grid lines parallel to the y-axis will yield
the partial slopes 

~~ ~w/~x, and lines parallel to the x-axis will

yield partial slopes 6 ~3w/~y. The slopes 6 and 6 are calculated

by the use of Equation (6). Then, in principle , the change in shape of
the grid lines will provide enough experimental information to calculate
the strain components by numberical differentiation of the 6 and 6
curves.

Because the data can be approximated as symmetrical with respect
to the midpoint of the plate, ~f3w/~x = ~w/~ y = 0; therefore, 6 — 6 0

2 2 2 2 ~ Y
at the plate center. Plate curvatures ~ w/ax and ~ w/öy were
evaluated by fitting a cubic spline through the grid order data. The
cubic spline has the form

2 3= a1x + a2x + a3x . (17)
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A difference function was then formed as defined by the following
equation:

= ~~[~~~i - (a
1
x~ + a

2
x~ + a3x~)]2 (18)

when thex~, 6
~ 

are the input data. Constants a
~ 

are determined from a

minimization of the difference function as defined by

_____ = ci (19)

Equations (15) can be put in the following form:

a1x2 + a2x3 + a3x4 = 61

a1
x
3 
+ a2

x4 + a3x5 = 62 
(20)

a
1
x
4 

+ a
2x5 + 

a
3
x
6 

= 63

where

k
~T.x Xki (21)
k

Equations (15) were solved for the constants a1, a2, and a3.

Plate curvature ~
2
w/ox

2 
can be evaluated from the data because

= ~~~/~x~x = 0 and from Equation (17) ~6x/~x~x = 0 = a1. The

curvature ~
2
w/dy

2 
at the plate center can be evaluated in a similar

manner using the grid order data y 2, y 1
, y 

C. Error Analysis

To study the plate deflections of a Plexiglas specimen,
a high-speed camera operating at approximately 17,800 frames/sec was
used. This results in a discrete sampling interval of approximately
0.0562 msec perframe . The period of free vibration for the 0.1875-in.
plates is approximately 562 Hz while the 0.250-in, plates vibrate at
approximately 500 hz. This means that approximately 20 to 40 frames of
data can be obtained for one complete cycle of a plate vibrating freely
using the specified sampling interval. However, it is still possible to
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miss the point of maximum plate deflection because it can occur in any
O.0562—msec interval and be undetected by a high speed camera. This is
one of the contributing factors of data scatter in this analysis.

Another fact r of error in the analysis is due to locating the grid
centers of the photog raphed p lat e def lections . Er rors in locating the
grid centers can be multiplied by a factor as large as five or six.
To minimize this error , a photomicrorneter was used at 20X power to
digitize the grid centers of the deflection photographs .

Errors  can also be made in center ing the camera equipment and
measuring the various distances used in the analysis. These errors are
considered to be trivial when compared with discrete sampling errors
and errors due to digitizing grid locations .

Finally, the sublimation phenomenon of a foil is a complex problem.
Surface irregularities, poo r electrode contact , atmospheric conditions ,
foi l  surface conditions , etc . wi l l p lay a part  in the scatter of the
data . The electrical character is t ics  of the capacitor bank and electrical
energy transport cables contribute significantly to the complexity of
the problem. Irregularit ies in their characteristics contribute to
data scatter. The total estimated error in the results when all of
these factors are considered can be as great as 157. to 207..

The only sources of error which can be adequately determined are
due to errors in distance measurements and errors in digitizing the
data . Distance measurement errors are estimated to be less than 1’!..
An indication of errors due to digitizing the film data can be made by
comparing the values of c and € for the points of maximum strain .xx yy
Theoretically,  th ey should be equa l assuming uniform loading conditions
on the plates. It is observed from the computed results that €

generally agrees with the € values within the experimental accuracy.

V. DISCUSSION AND RESULTS

Table 2 tabulates the results of Experiments 1 through 34.
Each test shown gives the corresponding foil thickness , capacitor bank
voltage , estimated p late impulse, and foil  energy density. The maximum
calculated values of the strain in both the x and y directions is given
for the center of the plate.

Figures 13 through 16 indicate the theoretical plate strains of
Plexiglas versus impulse level for a linearly decaying pressure profile
[lfl . The actual results for Tests I through 34 are shown in Figures
17 through 40. A cubic least square curve fit was applied to the
laboratory data. The results are shown with each figure. These equa-
tions should be applied only over the experimental domain of the lab
data . The results for strain versus impulse level are generally fairly
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(cm/cm ) * io~

2

IS 5 ms.c - SUBL IMINATION TIME1.50 - THEORETICAL SOLUTION
0250—in. PLEXIGLAS
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Figure 13. Theoretical plate strains.
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Figure 14. Theoretical plate strains.
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Figure 15. Theoretical plate strains.
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Figure 16. Theoretical plate strains.
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linear which corresponds with the theoretical results. By adjusting the
impulse level and impulse duration of the theoretical computer solution ,
the resulting theoretical curve can be forced to agree closely with the
actual laboratory results. The experimental work described here
indicates that the theoretical model for impulse due to foil sublimation
is incomplete and requires some refinement. The curves for strain
versus capacitor bank voltage level and foil energy density should be
used in making predictions of plate response.

The strain versus impulse level curves indicate two possibilities:
(1) the mathmatical model for impulse versus capacitor bank voltage is
incorrect or (2) the computer equations for pressure versus time are
incorrect. Although a mathinatical computer solution is desirable , it is
not required because the curves for strain versus foil  energy density are
adequate. Figures 17 through 40 show that the plate strains are functions
of foil thickness; for identical energy densities, thicker foils generally
result in higher strain levels. The explanation for this may be the
result of a high voltage skin e f f e c t  on the fo i l .

V I. SUMMARY AND CONCLUSIONS

A technique to simulate and experimentally evaluate the
effects of high concentrations of x-rays resulting from a nuclear
detonation on missile structures was developed. Data from 34 tests were
presented to demonstrate the technique. In these tests the effects of
variations in the foil thickness , capacitor voltage, and plate thickness
on the total impulse and maximum strain in the structure were determined .

The experimental error of these tests is estimated to be approxi-
mately l57 to 20%. However , this should not reflect on the technique
because the major error source is the 17,800 frames/sec framing rate of
the recording camera yielding a 0.28l-msec interval for peak deflection
to occur and not be recorded . To apply this technique , a framing rate
of 50,000 to 100,000 frames/sec should be used; the experimental error
should then be less than 10%.

Although the actual specimens used in the tests were made of
Plexiglas , results for actual missile materials such as aluminum can be
obtained through equations relating the material properties .

Four other tests were run on 0.318-cm thick Plexiglas specimen but
the data were not valid because of excessive deflections and fracture of
the specimen.

The results presented show that there is a strong indication that
the sublimation phenomenon is a function of the following:
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a) Foil geometry and material.

b) Electrical characteristics of the capacitor discharge device.

c) Electrical energy supplied to the foil.

d) Surface characteristics of the foil.

The contribution played by each of these factors and their correlation to
an actual sublimation event require more detailed study to make an
accurate estimation of the effects of a nuclear blast on a missile
structure. The data curves indicate that foil energy density is not
an entirely accurate estimation of structural performance although it
does indicate certain trends. Considering the factors involved in the
analysis of the data, it appears that given a known foil geometry ,
an accurate prediction of plate performance can be achieved for a given
foil energy density. The smoothing effect of the least squares cubic
spline curve fit to the experimental data should be used when data are
taken from the experimental graphs.

STRAIN (cm /cm) x io +2

1.50 - 0250—md FOIL
0250—in. PLEXIGLAS
E — 0.0002099 V3 

— 0.003423 V2 + 0.01899 V — 0.03093 -‘

I I I I I I

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

VOLTAGE LEVEL (kV)

Figure 17. Plate strains as a function of foil thickness.
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Figure 18. Plate strains as a function of foil thickness.
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Figure 19. Plate strainsasafunction of foil thickness.
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Figure 20. Plate strains as afunction of foil thickness.
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Figure 21. Plate strains asafunction of foil thickness.
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Figure 22. Plate strains asa functionof foil thickness.
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Figure 23. Plate strainsas a functionof foil thickness.
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F igure 24. Plate strainsas a function of foil thickness.
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Figure 25. Plate strains asa functionof foil thickness.
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Figure 26. Plate strains as a functionof foil thickness.

STRAIN (cm/cm) x

1.50 - 0.50—mi l FOI L
0.250—in. PLEXIGLAS

E = 0.4310 x io_ 14 Q~ + 0.5748 * 10_ li ~
Z 

— 0.1529

x 10~~ Q+0.005842

1.00 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.00 I I I I I

3.0 4.0 5.0 6.0 7.0 8.0 9.0

FOIL ENERGY (kc.I/gm)

Figure 27. Plate strains as a functionof foil thickness.
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Figure 28. Plate strains as a functionof foil thickness.
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Figure 29. Plate strains as a functionof foil thickness.
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Figure 30. Plate strainsas a function of foil thickness.
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Figure 31. Plate strains as a functionof foil thickness.
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Figure 32. Plate strains as a functionof foil thicknes- .
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Figure 33. Plate st rains a s a functionof foil thickness.
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Figure 34. Plate strains as a functionof foil thickness.
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Figure 35. Plate strains as a function of foil thickness.
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Figure 36. Plate strains as a function of foil thickness.
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Figure 37. Plate strains as a function of foil thickness.
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~yy STRAIN (cm/cm) x io l2
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Figure 38. Plate strains as a functionof foil thickness.
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Figure 39. Plate strains as a function of foil thickness.
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Figure 40. Plate strains as a functionof foil thickness.
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Appendix. COMPUTER CODES

The computer code shown on the following pages was used to reduce the
plate deflection data of Tests 1 through 34. The card data input format
is as follows:

Card (1)

SF,GX,GY,X,Y,Z,ZP ,H,T 9F5.0 FORMAT

Card (2)

00009 This card separates the test cases.

Card (3)

IFN, X 2, X 1, X0, X÷l, X~2, ‘~-2’ 
‘
~-1’ ~~ 

‘
~+1’ 

Y~2 15, 10F5.0 FORMAT

.

.

.

Card (last) 15 FORMAT

00000

where

SF = Film scale factor

GX = Grid spacing in the x-direct ion

GY = Grid spacing in the y-direction -
~

x l
Y = Location of camera lens in the spe.~ific- 3 test coordinate system

z i
ZP = Plate to grid distance

H = Plate thickness

T = Time between film frame exposures

IFN = film frame number which identifies the time after the start of
of the sublimation event in which the plate has deflected.

X.2, X_ 1 X0, X~1, X~2 Location of the X-grid orders

y _ 2 ,  
~ _ 1~ 

y0, ~+1’ ~+2 = Location of the Y-grid orders

Following the computer code is a listing of the data used in the strain
analysis .

1~



B [~~~~T 

- 
‘

ji ~~~~~~~~~

PPfl( RAM ~A !~~(TI~P (JT,nhJTPI,T .TAPF c~~II.1PIjT ,TAPE6=flUTPIjTI
r (~~Tfl S10P~ ncFLFCT IrthI PJW FP PIATc *WALV7r Q ror’F
C WPITTF2N Ry IOH’.j A.  cCH~ FFFFL , jQ,

f~IMF N S!flN x ’ ( ~~~.V 1 ( ~~) , w X 1( ~~) , W V I ( ~~) , X S ( c ) , V S ( S )
P~~ fl (5 . 1)  ~~~~~~~~~~~~~~~~~~~~~~~
FOPUAT (QFS .’)

7 PEAfl (S,1) IF’-I,XI (1) .X 1 (2 )  ,*1 ( 3 ) 1* 1(4 )  .X) (5).
1Y I 41 ) .Y I ( ? ) , Y 1  (~

)) ,Y 1 (4 )  .Y1 (5)
a F0pU*T (T6,)I~F6.0)

I F ( I F P 4 .F O .fl )  ( 0 T 0  17
TFUFN. F(~.9~ 

( 0T0 I~00 4 I= 1. !5,1
X S ( f ) A R S ( X ! ( T ) — X 1 ( ~~)) ’ c F

1F( 1.1T ,~ ) Y c (j)=—Xc(I )
6 I r( ! .LT . 1) vc ( ; ) = — v c ( r )

00 5 1= 1.6,)
*P~=~ LOAT (1) —3.
wX 1 (1 )= TAN (~~.6e (A T*~,((( AN*f ,X— X S( T ))/7P ).(X/ 7 ))— ATAP~((X .XS(1))/7)))

c WV 1 (T )=T *N (_ .6* (ATA ~~(((*N *(Y— Y S(I)) /7P ).(V/7 ))—ATAPs(( v.VS (1))/7 )))
C CALCU LAT F SIQA IN flA TA

xe ,=o.
x 5=0.
X 4=Ø,
x 3=O.
X2=fl.
X1’=O.
X 1?= O.
X ) l=0.
Y6=O .
Ys =O.
v 6=” .
Y~ =o.
‘12=0.
1~11=0.
V 12=0.
Y 11= e.
DO A 1= 1,6,)
X ’= X 2.x5 U) *XS IT)
X3=X3 .XS ( I) oX S(T *~~~ ( 1)
X 4 = X 4 ’ X S (  I) *XS( i ) °X c  ( I )  .X S I I )
X S=X 5 . x S ( T ) . X S  I T ) ’ X S ( T ) ’ X S  U )  ‘X~~( T )
X6=X6 .XS ( t)’XS I 7)’Xç ( 1 )  ‘ * 5 (1 )  ‘X~~( J ) * X S ( y )
X 11 X 1 1 . X 5 ( T ) ’ W X l  ( 1)
*12 *1 7 . X c ( T ) 4 X S ( ! ) e W X 1 ( 1 )
X~~)=X 1 3 , X S ( f l * x S ( T ) e X S ( y ) *w X ~ ( I)
Y2=Y2 .YS I!) ~V S (1)
ri=Y3 .vs (1) ~yc (1) ‘VS U)
V4=V4 ,YS (1) ‘vs (1) ‘Yc U) ‘VS U)
Y5=v5’vs It) ‘vs IT ) *yç (1) ‘VS (1) ‘Vs (1)
V6= VA.y5 (1) ,v~ II) ‘V~ (I) *YS  (I) ‘VS (1) ‘vs I T)
Y )1=Vl1 .Y 6 (’)’WV I (1)
Y 1?zV17.Y S I’) ‘VS (I )ØW Y T (1)
V 11=Y )3.V S(T)’Vc (T ,.vSU ,’wV I (t)
P* 1=X 4*X ~’,=X ..x 5
PX ’~ X 3 ’X 6—X- ~’XS
P Xix * 3’ *5— Xa ‘~~ 4
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-S - ‘
S 

~~~ 

S,

~~~~~ J

~~~~~~ . :  ~~~~~~~

PY I=V4 ’YA—V S* r5
PV’ =V3’Y6—V4’Y5
RV 1=Y3’Y 5—V4 ’Y4
WX 7 (PX I* X 1)—P X P* * 17 .PX 3 ’X 13 ) / (0* 1 ’X 2—9X 2* X 3 .RX3* X4 )
WY 2 (PY 1*v11 PY2’V1?.P Y3 ’Y1 3)/ ( OY I*V2 QV2’Y3 .PY3 ’V4 )
TL =FLOA T I IF” ) ‘1
EXX (— H.’? .) ~W X2
EV v= (—HI? .) ‘WV?
P0= 1 ( EX X — E V v ) * 2 . I( E*X . FVV )  ) ‘ IOO .
WP TTE (A ,7 )  TEN

7 FOOMAT (14H rPAI4E NL JM R FP ,T2)
WR ITE (6.R) TL
FOPMAT (1 4H c-LAPSED TIM F ,F10 .4,)X ,1H MSFC .)
WR ITE (6.9)

9 FOPMAT(?3H ‘W RUT DATA x )—X 6 ,V1— Y5)
W PTT E(6 , 10)  X 1 ( 1 ) , X 1 ( 2 ) , X 1 ( 3 ) . X 1 ( 4 ) . X 1 ( c ) .

lv i (1) .Y1 (2) .Y 1 (1) .V I 4 .vl (5)
i~) FORUAT (IOF 1 ’.4)

WPTT E (6.1 1)
11 FOQMAT (3iH INPUT DATA SF,GX.r ,V,x .V ,7 ,7P,H,T)

W PTTF (F,,i?) SF,C,X .6V,X ,Y,7,ZP ,H.T
I? FOPMA T (9F10.4)

WPT TE (6.)3)
11 F0P~ AT ( 1?H ~I)TPUT D A T A )

W PTTE (6,14) 4X2.WV2.FXX .EYY ,P0
1’. FOQMAT( SH WX ?= .FI0 .4,1X ,414WV2 ,F10.4.1X.

1 4HFXX ,EI0.6,I X ,4HEYY .FiO.4. 1X .191’PFPCFNT DTFF FI CE= .F10.4)
wPTTF: (6,1~~)1~ F O R ’4 A T ( ?~ $4 .sX 1( i) . . . W x 1 ( S ) , W V 1 ( 1 ) — W y 1 ( 5 ) )
W P TT E ( 6 , 19)  WX ~ ( I )  .wX l (2 )  .WX I  (3) .W X1 (4 )  ,W *i ( 5 ) .

1WY I ( 1)  .WV I ( 7 )  .WY 1 ( 3 )  .WVl (4) .WY )  (5)
1~ F ODMAT ( l f lF 1~~.4)

W PTTE (6.20)
W Q TTE (6.20)

70 FOQMAT (?I4 •1
GOTO 2

15 W PT T E(6 . I6)
16 FOPM *T (?LH 

6010 2 -

17 CO’~T IWIJF
STOP
END
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