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ABSTRAC T 

Described are experimental techniques for the study of the response of 

foamed or distended materials to impact loading and the results of applying 

these techniques to four different kinds of foam -- polyurethane, aluminum, 

silica, and graphite. An approximate theory for calculating the behavior 

of elastic-rigid locking solids is developed and applied to the materials 

tested. Within certain limits agreement with experiment is good, and at 

least for some materials within a range of impact momenta the internal 

pressure history can be logically related to measurements of quasi-static 

compression, although better agreement is possible when certain parameters 

are measured dynamically. 
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A casing of light-reight distended material may he a means a# 

protecting structures from shod «ares produced by impact». Becauee 

momentum is conserved, a layer placed in the path of this uave ea* *ot 

reduce the total momentum delivered to the structure, but it may spread 

delivery over a period of time and thus reduce peak pressure induced in 

a structure by an impact. For a certain range of impulse the amount of 

damage to a structure i»..determined by peak prepare. A distended, ex¬ 

panded, or foamed material contains voids or pores which must he col¬ 

lapsed in the transmission of strong pressures through it. Since this 

crushing takes time, shock waves moving through a foamed layer are 

slowed, allowing rarefactions from the impacted surface, travelling 

relatively rapidly through compacted or "locked" material, to overtake 

the front during a relatively long interval before collision of wave 

and structure. This gradual erosion of the shock front has the effect 

of distributing the impact momentum over the entire thickness of counter¬ 

measure and prevents rapid momentum transfer to the vehicle. In contrast, 

a pressure pulse in a metal layer would tend to remain narrow since the 

unshocked and shocked materials are very similar, and the shock and the 

following rarefactions move at nearly equal speeds. 

Workers at Poulter Laboratories during a previous program1 dis¬ 
covered another important mechanism of peak pressure reduction by locking 
solids: the elastic forerunning wave. For wave pressures between cer¬ 

tain limits, the single shock front in some foams is unstable, and a 

fast-moving, low-pressure front (0.2 to 5 kb) appears ahead of the main 
shock. The forerunner does not collapse the pores of the foam and the 

region between it and the main shock is one of nearly constant pressure, 

density, and particle speed. However, on collision with a rigid wall 

this elastic wave starts pore collapse, but again, because of the large 

specific volume change as a result of collapse, the accumulation of con¬ 

densed foam at the wall is slow and the pressure induced in the wall is 

low. This pressure is also constant in time so that it is easily poasible 

for the entire impact momentum to he delivered to the wall through the 

elastic wave when countermeasure foam thickness is large enough. 

f 

1 



There »re fe»t»re« »# the »t»tic *tre»*-»ir»** e*r*e ef * foa» th»( 

foretel t ehe eeveteeee ef »h ef»»tir forerw»»i»f eiweh, »peeif¡reell? » 

terre rerrw* iw etreiw where tie rwte wf elewfe wf etree» with etreiw ie 

very tow eoaperetf to ite ralwe for »tier rwwfee ef etreiw. Tie etreee 

\elite i* tie riete»« rerreeewte a ?ieldl ewirwitwJe ew4 »ay Ie tie etreee 

beliw¿ tie íererewwer. TW »i«r« »i t»e etwtic »vre*»-»tra;« c«rv« i»r 

Jo* et ree« (lelo* yieldl fK>i»t> way le related! te fererwwwer apeed iw tie 

same way tie ele?* tfce Heyleifl liwe iw a »lech Hagowiot diagre» iwdi- 

rates »loci »reed.* Strai»*r»te effect* are wndoaltedly ÍRpertaat iw the 

ligl compresaion of foaws amd tleae relatioaships caw only le looee l«t 

they mav oevertlele*» le «»efo! for gaagiag tie effectieeweaa of a »ate¬ 

rí al as a counter measure. 
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II SUMMARY 

During thr past year *r havr tirmonstrated through experiment the 

two-wave structure of impart waves in three foams (polyurethane, 

aluminum, and silica), have measured the strength of the forerunner and 

in some rases its speed, have timed the interval between the forerunner 

and main waves and have observed the strength of the main wave, in some 

rases. We have rompared these results with predictions of a simple 

theory based on static compression observations and have found consider¬ 

able agreement, although there are obvious areas where improvement in 

the theory is needed. The behavior of aluminum, particularly, stands 

outside the range of expectation. 

Impacts were produced by explosively-spalled, aluminum plates 

0.012 to 0.040 inch thick, which carried 0.6 to 2 x 10 dyne-sec cm * 

of momentum and which struck foam slabs broadside. Initial distention* 

in these foams varied from 2:1 to about 4:1. Hr passed the induced 

waves into a steel anvil or witness plate and observed with a smear or 

streak camera their effect on the images of luminous light sources re¬ 

flected in a polished free surface. Two different methods of spalling 

the flyer plates were tried: simultaneous and progressive. In the 

first, all parts of the flying plate's free surface leave the mother 

slab simultaneously; in the second, the flyer emerges at some small 

angle to the mother or driver. We found that both methods were satis¬ 

factory for our purposes; t.e., sufficient flatness and speed of the 

flyer could be easily obtained by either method, but because the inpact 

with the target foam must take place in a partial vacuum, simultaneous 

spall is more convenient. We made all our flying plate experiments using 

that technique. The area of the flyer plate and shape of the anvil were 

chosen so that reflections from the edges did not enter the observational 

area of the mirror for a certain period, the "clear" time of the mirror, 

which in our experiments was about 8 /isec after the arrival of first wave 

at the mirror. 

The en ! eu ! at ion a! simulation öf these experiments, based on the 

elastic-rigid model described earlier,1 employed the assumptions that 

* Dtfiiwd the ratio of oxpoadod to oolid donoity- 
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material speed behind the second or locking wave (including the flyer) 

was uniform, that the first wave was truly elastic, and that the only 

independent variables were time and distance perpendicular to the flyer. 

An expression of conservation of total momentum in flyer and foam was 

written, along with statements of conservation of momentum and mass 

across the two shock fronts. First estimates of numerical values of 

vield stress, elastic speed, and final or locked density were the results 

of quasi-static stress-strain measurements made on a confined cylinder of 

the foam. That in many cases the elastic speed calculated from the por¬ 

tion of the compression curve below yield was markedly lower than sound 

speed led us to try to measure first wave speed in a foam. One such suc¬ 

cessful attempt yielded a value less thnn sound speed but greater than 

the speed inferred from the static compression curve. 

Ising the method of artificial viscosity we 'ave also written a cal¬ 

culât ional code for the Burroughs 7090 computer to find the pressure 

history at any point in a foam struck by a flying plate. Preliminary 

tests show the code is effective and we expect it will, in the future, 

produce more sophisticated simulation of foam behavior than the faster 

but more approximate method mentioned in the preceding paragraph. 

Table I summarizes our findings concerning the first, forerunning or 

elastic wave. The third and fourth columns contain the values of fore¬ 

runner stress measured at the anvil mirror and the numbers of the experi¬ 

ments from which each value stems. The error limits quoted are not 

standard deviations but a subjective estimate of the valid range of data 

points. The fifth and-sixth columns have only one entry each, since in 

only one material (39 lb/ft* polyurethane) was the forerunner speed meas¬ 

ured directly. The seventh through ninth columns show data taken from 

static measurements on the foams. The forerunner strengths in the foam 

entered in the final column are estimates based on the best values 

(Table 11) we have now of the quantities Vt and i/f, final locked specific 

volume and elastic wave speed, respectively. Excepting the entry for 

42 lb/ft* these values of wave strength may be considerably in error. We 

derived the formula for wave strength Pf appearing in the table from the 

locking solid model and the assumption that the foam is brought to rest 

at the anvil. 

Observed time intervals between firat(A-) and second (B-) waves, and 

between first and driver (E-) waves passing from various thicknesses of 

several foams into the' anvil appear in Table III. (The driver also is 

4 
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Table 11 

JIMKRICAL VALUES OF FOAM PABAMKTEHS USED IN TAHLK 1 

Matt f*r uait ar«» in fiver Uj, end nurfece den« it » of ■oaentua in flyer fg coiiputed 

from: un * k.V>t (in a»,c«T) eWre » = flyer thicknent in inche»; f0 * S.TH^ 10 
0 -2 

(ia éynt »ec c« ). 

Table 111 

TIME IVITRVXLS BETWEEN «AVES IN VARIOUS THICKNESSES OF SEVERAL FOAMS 

NOTE; Flyer thicknent = 0.020 inch end fg = 1.15 « 104 dyne «ec ca’2 ln «II c.»e« encept: 

* Shot 921«, flyer thickneon * 0.040 inch, f. * 2.10 * 104 dyne nee cm"“. 
. U i 
' Shot 9145. fiver thickneon = 0.012 inch. /„ = 0.09 X 10 dyne one cm 

^ Actantly intervol H-I, ten pnge 49. « 
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thrown into the target by the explosive and since we know the interval 

between arrivals of driver and flyer at the original foam face, driver 

impact arrival at the mirror gives us information on the speeds of flyer 

impact waves in the foam.) We discuss in Section VÏ-H some computations 

of these intervals from the simple theory of elastic locking solids. 

(No estimates from the 0-rode are available yet.) Computed values are, 

in moat cases, extremely sensitive to values of certain foam parameters: 

elastic wave pressure (/^), elastic wave speed U!t), original and locked 

specific volumes (!'„ and l’,, respectively), flyer surface density (/i0) 

and flyer surface density of momentum (f,,). We have no reliable, inde¬ 

pendent measurements of any of these quantities except, of course, 1'0, 

^.0, and ((,.* K1 astir wave speed 1 f is susceptible to independent ob¬ 

servation and we bave made one such measurement, as indicated in columns 

five and six of Table I. 

In many cases also the calculated interval is quite sensitive to the 

existence of the locking wave reflected off the anvil; for this reason 

we made some effort to find its shadow on a flash X-ray photograph but 

without success. We do not, however, consider that these experiments 

conclusively prove the absence of the reflected locked wave and we con¬ 

tinue to assume its presence. 

Measurements of wave intervals at different thicknesses of the same 

material, e.g., the three thicknesses of polyurethane in Table III, make 

the best available test of the simple theory. It is obvious that any 

theory of shock behavior of foam must meet such a test if it is to 

serve in evaluatiiw: countermeasures; the duration of the elastic pulse 

at the vehicle surface is a direct measure of the proportion of the total 

momentum delivered at the yield stress, and of the input momentum remaining 

to he delivered at a higher pressure. 

We would like to know the value of this higher stress as well. If 

for the compacted foam (specific volume 1’ ) we supply shock characteristics, 

e.g., a complete liugoniot pressure-specific volume curve or merely an ap¬ 

proximate value of shock speed over a wide range of shock pressure, the 

simple theory will predict the pressure behind the second impact wave in 

the rigid wall of the vehicle. because the foam layer will bounce off the 

relatively rigid wall, this pressure in general will he higher than the 

* 
Ue know oriirifial fiver or input momentum (/„) from separate measurements of fiver speed ami siso from a few 

measurements made concurrent Iv witlt the shock observations in the anvil. 
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ratio of the undelivered part of the input momentum (fft) to twice the 

transit time of a shock through the now locked foam. In Table ÍV wc 

collect observed values of pressures induced in the anvil by the main 

impact wave in several foams of various thicknesses. In some cases the 

main wave either does not reach the wall at all or is not able to get 

there before the K.-wave; the words "B-wave not seen'' are placed in the 

fourth column to show this, »e do not as yet have satisfactory vaine* 

of computed main wave pressures to compare with these observations. 

(Further discussion is on page 104.) 

Table IV 

IWSSIW. JUMI’S IN MAIN (H-) WAVE FOR DIFFERENT THICKNESSES OF VARIOUS FOAMS 

TARGET 
MATERIAL 

TARGET 
ORIGINAL 
DENSITY 

TARGET 
THICKNESS 

( a«) 

SHOT 
NO. 

OBSERVED MAIN (R-) 
»AVE PRESSURE 

IN ANVIL 
(kb) 

ORIGINAL FLYER 
MOMENTUM /, 

dyne-tcc 
—! « io4 

OBSERVED TOTAL 
MOMENTUM 
IN ANVIL 

dyne-tec a 
7 T" xio4 

Polyurethane 

Si 1ica 

Aluminum 
open cell 

(iraphite 

20 Ib'ft 

42 Ib'ftJ 

60 Ib'ft ' 

1.1 g'em7 

0.74 g 'em7 

0.7S fi 'em 

1.4 r 'ctn7 

1.5 K cm 

3.0 
10.0 

5.0 
6.5 

10.0 
10.0 

3.0 

4.25 

4.6 

3.5 

4. 5 

2.0 

5.6 

0206 
022« 
»155 
0217 
01R0 
0216 

0207 

0325 

0345 

0320 

0344 

0324 

0328 

>8 
H-wave not aeen 

2.25 t 0.25 
1.0 i 0.15 

H-wave not aeen 
3.0 i 0.5 

5.0 t 1.0 

7 o * 

1.6 i 0.3 

1-wave: 
2.6 1 0.3 

,1-wave: 
1.3 t 0.2 

R-wave not aeen 

film unreadable; 
see page 40 

film unreadable 

1.15 
1.15 

1.15 
1.15 
1.15 
2.30 

1.15 

1.15 

0.600 

1.15 

1.15 

1.15 

1.15 

film unreadable 
0.10 

1.50 
1.44 
1.08 

Prediction by the simple theory of total momentum given to the anvil 

during our experiments is complicated by the presence of the flyer layer 

outside the foam; since such a layer may not be present on a vehicle, we 

have not made this calculation hut renort in Table IV the flyer or input 

momentum (l0) and the maximum momentum seen in the anvil before arrival 

of driver impact (or K-) wave. In most coses the latter is not the full 

momentum delivered by the flyer because of tbe interruption of the record 

by the K-wave. In onlv one case does the record appear complete (Shot 9155), 

that is, there appear to be contributions to maximum observed momentum from 

bounce-off of both flyer and foam. 
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Our flyer-plat^ experiments provide another, less reliable test of 

the simple theory. We have measured the speed of the diiver plate which 

follows the flyer into the foam target and we know the time interval be¬ 

tween driver and flyer arrival at the plane of the original foam free 

surface. If we assume a value for the average speed of the driver impact 

shock in the foam, we can calculate the time interval between its arrival 

at the anvil and either the forerunner or main wave arrival. The actual 

interval is easily measured. The final two columns of fable Ilf contain 

this comparison. 

There appears to be a change in shape of both forerunning and main 

waves as they progress through the foam; that is, the rise-time of both 

waves become* greater as distance travelled increases. There is also 

some inconclusive evidence that the supposedly constant pressure in the 

forerunner mav dccav with distance travelled. If sound speed is greater 

than forerunner speed, acoustic rarefactions from either the edges or the 

rear impacted surface could overtake anil weaken the forerunner. The 

simple theory predicts the radiation of rarefactions into the elastically 

strained region behind the forerunner, but because of the assumption of 

perfect elasticity (or linear stress-strain curve) in theory these travel 

forward at the same speed as the forerunner and never overtake it. Vie 

have some experimental evidence elastic or forerunner speed may he slightly 

less than sound speed in 10 lb ft 3 polyurethane. 

Table V chronologically lists all the major experiments done as a part 

of the present effort. The text of Section 111 is a description of the 

performance and purpose of each of these experiments, liesults, where not 

already given in this Summary, are stated. 

Section IV presents certain special methods of data analysis Static 

compression tests and density measurements of foams are described and re¬ 

sults arc shown in Section V. In Section M we derive the formulas Used 

in the computational simulation of shocked foams. finally, Section VII 

contains oar conclusions and recommendations for further study. 
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T¡»t>¡e V Continotd 

SWT 
W. 

41*1 

INSTMVDIT 

.Sne»r ranera 

421fc Sacar cater« 

PVWOSl Kscsirnoii 

Ot>»cr»e effect of alrnonjitVere 
on «ave» in foam 

t>b»er*e effect of ilifferent 
flyer tliichneaa on ««rea in 
foam 

Material: fl.h7 p/cm3 polyuretliane, 
0.50 cm thick; impact: AI flyer, 
0.020 in. thick; normal atamaphere. 
Fig. 20 

Material; 0.67 g/cm3 polyurethane, 
1.00 cm thick; impact; Al flyer, 
0.040 in. thick; vacuum. Figa. 2, 
IB, 10, 20, and 44 

4217 

9227 

9228 

9244 

0245 

0206 

0207 

0324 

0325 

9328 

0320 

Smear camera 

Smear catera 

Smear camera 

Ohaerve uavea in foam Material: 0.67 g/cm3 polyurethane, 
0.65 cm thick; impact: Al flyer, 
0.020 in. thick; vacuum. Figa. 2, 
18, 10 , 30 . 50, and 62 

Ohaerve effect of ili fferont 
distention on waves in foam 

Material: 0.32 g/cm3 polyurethane, 
1.25 cm thick; impact: Al flyer, 
0.020 in. thick; vacuum. Figs. 2, 
18. 10, 21, and 51 

Observe waves in foam Material: 0.32 g/cm3 polyurethane, 
1.00 cm thick; impact: At flyer, 
0.020 in. thick; vacuum. Figs. 2, 
18, 10, 32, and 52 

Smear camera Observe waves in foam 

.'vnear camera Test effect of 4 inches 
added llaralol upon flyer 
speed and planarity and 
driver speed 

Snenr camera, Observe effect of thickness 
raster oscilloscope on «aves in foam 

Smear camera, Observe effect of disten- 
raster osci I loscooe tioli on waves in foam 

■Snear camera, 
raster osci1loscope 

Observe waves in foam 

Smear camera, 
raster osci1loscope 

Observe «aves in foam 

Smear camera, 
raster osci1loscope 

Observe waves in foam 

Smear camera, 
raster oscilloscope 

Observe waves in foam 

Material: 0.32 g/cm3 polyurethane, 
0,60 .m thick impact: AÍ flyer, 
0.020 in. thick; vacuum. Figa. 2, 
18, and 19 

0,020 in. Al flyer, polished and 
holed; 1 in.-(1020) steel driver; 
2 mirror targets; vacuum. Figs. 13 
and 34 

Material: 0.32 g/cm3 polyurethane, 
0.30 cm thick; impact: Al flyer, 
0.02f in. thick; vacuum. Figs. 2, 
18, 19, 33, 40, and 42 

Material: 0.96 g/cm3 polyurethane, 
0.30 cm thick; impact; AÍ flyer, 
0.020 ti. thick; vacuum. Figa, 2, 
18. 19, 34, 50, 51, and 63 

Material; 1.40 g/cm3 Al-foam*, 
0.20 cm thick; impact; Al flyer, 
0.02Q in. thick; vacuum. Figa. 2, 
18, 19, 37, and 40 

Material: 1.10 g/cm3 Si-foam,^ 
0. 42 cm thick; impact: Al flyer, 
0.020 in. thick; vacuum. Figs. 2, 
18, 19, 35, 40, and 64 

Materiel: 1.50 g/cm3 graphite,^ 
0,56 cm thick; impact: Al flyer, 
0,020.111. thick; vacuum. Figs, 2, 
18, 19, and 40 

ilatcrial: 0.74 g/cm3 target, 
1.35 cm Al-foam, impact: Al fly 
Materia 
0,35 cm Al-toam;’ impact: Al Uyer, 
0.020 in. thick; vacuum. Figa. 2, 
IB, 19 , 38 , 40, and 59 
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Table V Con eluded 

SNOT 
HO. 

rOHPOSC MKRimOR 

9344 

9345 

9431 

Sacar caaera 

Sacar camera, 
raater oacilloaeope 

Sacar cacara, 
raater oacilloaeope 

Obaerre wave» in foaa 

Ot>aerve effect of lowering 
innnl »maentua 

Meaaure forernnner speed 

Material: 0.75 g/ca8 target, 
0.45 ca: Al>foa»¡r impact: Al Hver, 
0.020 in. thick; vacuum. Figa. 2, 
18, and 19 

Material: 1.10 g/c*is Si-foam^ 
target, 0.45 cm thick; iapact: Al 
flyer, 0.012 in. thick; vacuum. 
Fig». 2, 18, 19 , 36 , 40, and 53 

0.62 g/ca3 polyurethane wedge at 
17*10' loaded with 0.02-in. EL-506D 
explosive; normal atmosphere. 
I>'t ira Aï 45 anil 57 

9432 Saear camera, 
raster oscilloscope 

Measure forerunner speed 0.62 g/ctn3 polyurethane wedge at 
24*10' loaded with 0.02tin. H,-506l) 
explosive; normal atmoaphere. 
Figs. 43, 44 , 46, and 58 

MD-AO trade aaac, Eaersos * Casings lac., Osrdaaa, Calif. 

^ Eccefeas Si, trade aaaa of Eaarsoa I Casings lae., Cardaaa, Calif. 

^ Sapplied by Katiaaal Carbon Co., I.aoraacebarg, Tana. 
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Ill RMJOK 

A. THE OPTICAL LEVER WITH THE SMEAR CAMERA x* 

Slight movement of a mirror aurface can produce large diaplacement 

of an image formed in it; a compreiaional or rarefactional wave in re¬ 

flecting at a free surface sets the surface in motion outward or inward, 

respectively, and can thus leave a film record of the wave strength and 

time of arrival at a certain point, as shown in Eig». 1 and 2. Angles a 

and (Fig. 1) are directly proportional to the free surface speeds left 

by the compressional and rarefactional waves, respectively, and inversely 

proportional to the speed of these waves along the mirror surface, called 

the apparent speed in this report. The magnitude of turning angle falls 

in the range ID-* to 10”3 radians in our experiments. 

light souncE 

ANVIL MIRROR 

rarefactional wave front 

^ IMAGE POSITION DISPLACED 

BY COMPRES3IUNAL WAVE 

UNDISTURBED IMAGE POSITION 

-IMAGE POSITION AFTER PASSAGE 

OF RAREFACTIONAL WAVE 

COMPRESSIONAL WAVE FRONT 

•A-IMl-tft* 

FIG. 1 DISPLACEMENT OF AN IMAGE IN THE ANVIL MIRROR BY 

COMPRESSIONAL AND RAREFACTIONAL WAVES (U) 

Figure 2 shows how we measure amounts and times oí reflected image 

displacement in an anvil mirror. Refracted images of the reflected 

images are formed on the opaque screen within the smear camera. The 

narrow vertical slit in this screen permits a section of the refracted 

image at any time to be relocussed onto the film along a certain vertical 

line whose position depends on the momentary position of the ! itating 

13 



FIG. 2 APPLICATION OF METHOD OF THE OPTICAL LEVER TO THE STUDY 

OF FOAMS (U) 

mirror, notation speed is carefully measured and lies in the range 500 

to 2000 rps; thus we can achieve maximum image (horizontal) speeds along 

the film of 0.150 inch/pisec. Time coverage from about 26 to about 

500 /¿sec is aval lable. 

Hie horizontal aperture ahead of the objective limits the vertical 

breadth on the anvil mirror of the reflection zone which can be used by 

light emerging from a single point uf the object (cal led “light source" 

14 



in 2) to reach the object ire lens; that is, when the reflected image 

of a point tight source is disturbed we know all, or part, of the mirror 

snrface within a certain narrow horizontal band hat been displaced, (bor 

the arrangement sketched in big. 2 this band is about 3.8 mm wide, the 

method of calculation of this width is made clear in big. 3.) 

The objects reflected in the mirror are always shock-luminescent 

light sources.* These are boxes generally t x 8 x 12 inches or I x 8 x 

inches filled with argon gas at one atmosphere pressure closed at one 

end (1*3 inches) by a one-inch-thick pad of 11-3 explosive, and at the 

other end by two glass plates placed over one another. One glass plate 

is a translucent light diffuser and the other carries an emulsion surface 

on which carefully spaced horizontal lines 0.2 mm wide have been etched. 

Vllien the explosive is initialed the shock stimulates nearly white lumi¬ 

nescence in the gas. and the horizontal grid on the lace of the box shines 

into the mirror whose motion is under study. Ihe vertical slit in the 

smear camera passes light Irom only one small area ol each grid line; 

thus the light source (unctions as a series ol luminous points arranged 

at known distances along a vertical line. Hie reflection zones of these 

points in the mirror do not overlap and lie in a vertical line. A dis¬ 

turbance moving up or down the mirror passes from one zone to the next 

and displaces images in succession; the rate ol displacement, hence the 

apparent speed ol the wave, is readily calculated Irom the film record 

and the speed of the rotating mirror. 

IMAGE 

light source point 

FIG. 3 AREA OF REFLECTOR USED IN REFLECTING 
A SPOT OF LIGHT INTO APERTURE OF 
STREAK CAMERA (U) 
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Kree surface speed of the mirror is a measure of wave strength. In 

present experiments all mirrors are polished, hardened steel in which 

elastic limits are in the range 10 - 17 kb. Because the waves of interest 

are sufficiently weak we can analyse free surface notion by the theory of 

elasticity. Section IV explains the method of analysis. 

B. EXPLORATORY TWO-DIMENSIONAL SHOTS 

Figure X illustrates an arrangement employing the optical lever for 

a rapid, inexpensive exploration of the wave structure in shocked foam 

(in this case 42 lb/ft3 polyurethane). The detonation front in a sheet 

of explosive drags waves up the 4 * 6.inch lace of the anvil mirror, which 

is a simple slab of steel one inch thick. The method has the disadvantages 

of reverberations in the anvil, which must be distinguished from the pri¬ 

mary phenomena, and two-dimensional flow in the foam, which complicates 

the deduction of wave parameters in the foam from observations at the 

anvil free surface. 

The three experiments done in this way (Shots 8773, 8775, and 8863) 

were identical except for the thickness of explosive (Table V) and dis¬ 

tances of light source and mirror from objective. Smear records (Figs. 5, 

6, and 7) show in each case a succession of four compression waves pushing 

the mirror surface outward as they travel up the anvil at apparent speeds 

equal to the detonation speed of the explosive used. There are also re¬ 

flections of each wave from the top edges moving downward at apparent speeds 

less than detonation speed. Analysis shows the first waves in all three 

experiments carried nearly the same pressure (Table VI). (Because Shot 8863 

Table VI 

UIA'iIUTKIUSTUS \NI) IlKSliLTS Of 2-l> KXPKIUMKNTS 

SHOT 
NO. 

HE 
THICKNESS 
(inchea ) 

APPROXIMATE 
IMPULSE 

(104 dyne- 
•ec/c«s) 

APPARENT 
VAVE 

SPEED 
(■a/uaec ) 

PRESSURES PRODUCED IN 
ANVIL (kb) 

Forerunner 
(A-Have ) 

Main 
(B-Vave) 

8773 

8775 

8863 

0.020 

0.050 

0.050 

1.3 

3.2 

3.2 

Average 

7.18 i 0.72* 

7.51 i 1.075 

8.64 i 1.88 

7.78 ± 2.25 

0.87 i 0.10* 

0.97 i 0.09 

1.12 i 0.07 

0.99 t 0.15 

Stopa abort 

5.73 i 0.21 

5.95 i 0.10 

Standard deviation of a single «easure*ent. 

NOTE: (•) Foan teatei! w»« 0.66 g/ca3 polyurethan« 0.50 inch thick 
(b) Speed of ell were« in anvil asiuaed to be 6.08 mm/fute. 
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1 
T̂u CAMERA 
anO light 
SOURCE

4340 RC30 
STEEL

POCISMEO
SURPACC

t «AVE

FIG. 4 TWO DIMENS ONAl -TL r WA • lS IN FOAM fU)

FIG. 5 SMEAR CAMERA RECORD FROM SHOT 8773 (U)
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»

FIG. A SMEAR CAMERA RECORD FROM SHOT 8775 (U)

. TIME !7.«

FIG. 7 SMEAR CAMERA RECORD FROM SHOT 8863 (U>



waa an attempt to get maximum magnification ot image displacement, the 

trace jumps in Fig. 7 are larger than in Figs. !> and 6.) In making this 

analysis we assumed the ahork speed in the anvil was always 6.08 mm//isec, 

Poisson’s ratio was 0.29. and applied the theory of oblique impact of an 

elastic wave at a free surface (as discussed further in Section IV). 

From Figs. 5, 6, and 7 we conclude: 

(1) The first wave in all three shots is clearly the wave 
transmitted to the anvil by foreforerunner in the foam. 

(2) Because the second waves in Shots 8775 (fig. 6) and 
8868 (Fig. 7) are markedly larger than the first, they 
must be transmissions from the main waves in the foam 
and their intensities are also entered in labié VI. 

(3) However, there are no entries in labié VI for the main 
wave in Shot 8773 because we do not believe it reached 
the anvil; the second wave in I'ig. 5 is thought, on 
the basis of later experiments, to be a reverberation 

of the first. 

(4) Higher order reverberations and perhaps primary shear 

waves are also seen in the three ligures. 

Mastic potential theory applied to the interaction of forerunner 

and the foam-steel interlace yields a ratio between normal stresses in 

the incident and transmitted dilatational waves oi 0.165. However, we 

do not believe the foam at the interface remains elastic alter the im¬ 

pact of the forerunner; therefore we have not used this value to compute 

forerunner stress in the loam. Hie one-dimensional experiments to be 

discussed later provide less ambiguous measurements ol this quantity. 

These two-dimensional experiments established the two-wave response 

of foamed polyurethane to impulsive loads of 1 to f x 104 dyne-sec/cm 

and the approximately constant amplitude of the forerunner under varia¬ 

tion of this load within the stated limits. 

C. DKVKLOPMFNT OF ONF-lil MKNSlONAL TKCIIN IQL'K 

Calculations involving plane waves moving normally to plane inter¬ 

faces are simpler than those made for oblique interactions and the appli 

cation of the results is less ambiguous. In order to match such one- 

il imen siona1 calculations witli experiments we sought ways to throw thin 

metal plates broadside into foam slabs. Ihe momentum in a thin plate 

striking a plane harrier simultaneously is rapidly transferred to the 
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barrier and subjects it to an impulse of approximately the same duration and 

spatial distribution as might an X-ray burst from a nuclear weaponv We set 

aluminum plates (0.012- to 0.040-inch thick) in motion by explosively spall¬ 

ing them from carefully machined slabs of brass or steel to which tiiey had 

been glued under high pressure. When the spalling shock front lay in a 

plane parallel to the flyer, the spall was simultaneous, and the flying 

plate was more or less parallel to the driver as it moved off. In this 

case the target was aligned with its large plane face parallel to the 

driver. When the spalling shock collided obliquely with the flyer the 

spall was progressive, and the target was placed at a small angle (0.7 

to 7.0°) to the driver. Kxplosive for simultaneous spall was a point- 

initiated plane-wave generator* eight inches in diameter; for the tests 

of the progressive spall method, a block ol Du 1’ont l‘.L-506í) or Composi¬ 

tion 113 3 inches wide anil 15 inches long was initiated simultaneously 

along a line parallel to the width. The driver used with the plane-wave 

generator was 1020 steel 12 inches in diameter and one inch thick; but 

for progressive spall we used brass 3 inches wide and 9 inches long. 

Figures 8 and 9 illustrate the two plate-throwing techniques. 

tte fired 13 developmental shots without loam targets. All but one 

of the progressive spall tests were observed with flash X-ray shadowgraphs, 

one of which is reproduced in Fig. 10. The exposure was made by passing 

an X-ray beam through the driver, explosive, and spall in a direction 

parallel to the detonation front and perpendicular to-the direction of 

propagation of detonation. With detonation speed known, the angles (ï 

and i* become measures of flyer and brass-spall speed, respectively. 

Figure 11 and Table VII summarize all observations oj progressive spall 

except Shot 9016. The thickness of the shadow of the llyer is reported 

in Table VTI as a rough indication of flyer planarity. In Shot 9046, 

sketched in Fig. 12, we sought unsuccessfully to use two optical levers 

on the same shot in order to observe flyer planarity along both length 

and breadth. The levers were used in this experiment merely to record 

arrival times, specifically, arrivals of various parts of the flyer at 

a mirror placed more or less parallel to the flyer in flight. A dove 

prism rotated one of the two fields ol view, and both were superimposed 

on the same smear camera screen. Hie record was unclear, probably be¬ 

cause of air shock altead of the llyer and/or insufficient parallelism 

between flyer and target mirror. 

* A two-componefr explosive lent, trede neme P-flO, Meton end llenger, Inc., Aner’llo, Texet. 
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U DETONATOR 

A AND BOOSTER 

/S 
plane-wave generator 

'■UPPER PLATE OR DRIVER^ 

•FLYER PLATE 

POLISHED 
SURFACE 

(0) BEFORE DETONATION (b) AFTER DETONATION 
•A-iMt-tn 

FIG. 8 CROSS SECTIONAL VIEW: SIMULTANEOUS SPALL TECHNIQUE (U) 

EXPLOSIVE 

SPALL FROM DRIVER 

INITIATION 

FLYER PLATE 

FIG. 9 CROSS SECTIONAL VIEW: PROGRESSIVE SPALL TECHNIQUE (U) 
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FIG. 10 X-RAY OBSERVATION OF PROGRESSIVE SPALL, 
SHOT 8979 (U) 

FIG. 11 SUMMARY OF X-RAY OBSERVATIONS 
OF PROGRESSIVE SPALLS (U) 
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FIG. 12 EXPERIMENTAL ARRANGEMENT FOR PROGRESSIVE 

SPALL, SHOT 9046 (U) 

Th«* four «l«‘V<>lo|>Mriital esi-frimriit* with the simuIlaneoiis spall 

showeil it had tm adtantage over the Progressive techni<jiie except perhaps 

greater compactness, but Bancroft, Peterson and Miiishull* had shown the 

existence of a stable train of three characteristic shocks which may be 

induced in steels by explosions of plane-wave lenses or generators. In 

order to guarantee ourselves a fairly reproducible plate speed, we 

followed their experimental scheme in all our tests ol distended material. 

We believe the operation of the one-dimensional plate throwing 

system is as follows: 

Detonation of a P-80 explosive plane-wave generator produces a train 

of three shock waves in a one-inch-thick machined slab of 1020 steel in 

contact with the generator. The first wave, with relatively weak pressure 

of 10-12 kb, pushes or spalls from the steel an aluminum disc glued to the 

steel face opposite the P-80; but the second wave, of 130 kb pressure, 

reaches the now free steel*sur face and drives it into the I lying plate. 

The aecond interaction is the source of most of the flyer speed. The third 

wave, of strength greater than 130 kb, does not affect the I Iyer motion but 

brings the surface of the steel up to its liuul speed behind the I Iyer. 

In Shots 00^)7 and (Kig. 13 ), this flyer impacted in low vacuum 

of 5 to 10 u a flat piece of glass striped with reflecting gold. The glass 
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WiiA aliened parallel to the spalling surface of the driver and again we used 

the optical lever to note the degree of simultaneity with which the various 

parts of the flyer struck the glass. Through the clear strips on the mirror 

between the gold we reflected the grid light source off the flyer itself. 

Figure 11 reproduces the resulting smear camera film from Shot 9097. The 

record of Shot 0008 is similar. The heavy lines represent points reflected 

in the gold; the light lines, those coming by way of the flyer surface, 

(’.arefnl study of the original record show times A and II in the traces re¬ 

flected in the flyer surface, marking, we believe, the response of the 

flyer to the first two waves of the characteristic three-shock train in 

the driver. Times ('. are I Iyer arrival's at the glass; signals indicated 

with I) show impact shock wave emergence from the far side of the glass. 

We measured these times 1’ on a film reader* and have plotted our readings 

in Figs. 15 and 16. Arrival is simultaneous to within 0.5 pate, over an 

area about 6 inches in diameter. Hecause of the recording method, this 

represents the state of affairs only along one diameter of the flyer, of 

course, but we assume it is typical in this regard. 

M-HO'IIM 

F!G. 13 EXPERIMENTAL ARRANGEMENT FOR SMEAR CAMERA OBSERVATION 
OF SIMULTANEOUS SPALL, SHOTS 9097 AND 9098 (U) 

Vanguard Instrument Corp., New York, N.Y., model 71/4. Magnification ia about PX. 



FIG. 14 SMEAR CAMERA RECORD. SHOT 9097 ,Ui

liepeatin^ the experiment without a flyer glued to the driver we made 
the record shown in Fig. 17 (.Shot 9094). Here signals C and D result 
from the impact of the central portion of the driver at the glass, and 
the increase in the time 4 to C over that same interval in Shots 9097 
and 9098 is approximately the time we have at a target to observe the 
waves produced by the flyer before they are overridden by a stronger shock 
from the steel driver, which of course must also strike the target. The 
increase is about 8 ^sec.

Average speeds for central areas of flyer (as indicated by the inter­

vals B to C) are; 0.823 mm/^isec in Shot 9097 and 0.817 mm/fistc in 
Shot 9098; in Shot 9094, the driver has a maximum average speed of 
0.70 mm/fiaec.

The foregoing describes how we produce the controlled shock train in 
a foam target; we observe this train by the optical lever in an anvil of 
4340 steel hardened to Hockwell C 30 to which the foam slab is glued.
Opposite the ground and lapped surface carrying the foam target is a 
polished mirror surface bevelled at an angle of 30° with the receiving 
or target plane. The mirror plane is placed parallel to the glass cover 
on the light source and the foam-covered surface is made as nearly parallel 
as is easily possible to the grid lines on the glass cover. A perfectly 
plane wave from the foam will reach the mirror simultaneously at all points 
of a line parallel to the grid lines, and both the undisturbed and deflected 
mirror surfaces represented in Fig. 1 will be very nearly normal to the plane



FIG. 15 TIMES OF ARRIVAL OF FLYER AT 
TARGET MIRROR, SHOT 9097 (U) 



(ARBITRARY ORIGIN) 

FIG. 16 TIMES OF ARRIVAL OF FLYER AT 
TARGET MIRROR, SHOT 9098 (U) 
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FIG. 17 SMEAR CAMERA RECORD, SHOT 9094 (U)

of thr drawing. IWr..u»t t li.- anvil stpcl lias a 111 K*' <-la.stir yield atress

118 to JO kill, in our expo r i men t .s all »avrs in llie anvil sleinniinK from

tlie fiver iiiii.ael l.eli.ve ,• 1 a.s I 11 a I 1 v ; propapalion spee. of saves from

receivinp to mirror s.ii fare* is .........................   of save slren^'lli and saves

arc iinaffrrled l>v pass.i|;e lliroii^'i. I In- I rai k ol eailn-i waves reflected

d t I li** m I r r.

Kinures J and 111 an- >k.l.l,es ol llie svstem for one-d i mens i ona 1

studv of sliorks l.v ............ . of a i mu 11 ancon s spall. fi^'iire 18 la a

central section ll.ronnl. a cvlindrical tank except tlie support in,r l.olta 
sliosii III the fm'iire are actiiallv outside and on l.olli sides ol that plane.

vte attach the explosive lens to ................ surface of the driver plate

opposite the fiver. Hi mena i ons in f i s' J are Ivpieal. Kic»re 10 la a 
photiinraph ol the .svsteii, in the field |ust hetoie one experiment.

The tso-save response of loam re.iuires us to sntch a loam tar^'et
for a peritnl ot t fu nr morr ..sor

Ue l»dvr n»iil loiMil tlio limitalion on
the lenirth ol ohservation time imposed hv the driver impact; another may
ari.se from the ret led ion into  . . . aurface of the lust wave at
tlie sides or edK-es ol foam and anvil llel lection at the loam-anvil
interface is a very iiearlv one-di. nsional prohlem and its ellects can
he eaailv calculated III *e sant to know the reaction to the liver ol
the foam laver alone). Kdp'e ellect is iieilher one - d i men s i on a I nor steady
in time and introduce* complexities into the analysis ol phenomena ariviiip'



FIG. 18 PLATE-THROWING APPARATUS WITH WEDGE WITNESS ANVIL IN VACUUM (U) 

at the mirror after these effects are iell there — even if the record re¬ 

mains clear. (Heflection at the bevelled mirror surface can not be treated 

one-dimensiona 11 y, either; however, all parts ol the second wave pass 

through the same inirror-reflected wave into a region of zero compressive 

stress, and behind the "clear area” of the mirror this collision of re¬ 

flection from first wave and of the second wave takes place in the steel 

anvil. If the time interval between first and second waves is greater than 

about 15 ^.sec this may not lie true, and we would have to consider the effect 

of the reflection upon the foam.) Since the reflection zones of the points 

of light used to make the smear record lie in a central vertical band across 

the mirror face, the most critical edge ellects in the anvil will be dis¬ 

turbances sent from the upper and lower extremities ol this band; these will 

be the first to affect the mirror. If Fig. 20 represents a cross section 

through the anvil at the reflection zone, then the surface BC is the mirror; 

and the face AB is the site of the loam layer. If ! is sound speed 

(= elastic wave speed) in the anvil, all points ol the mirror between f 

and G arc free or clear of edge effects stemming from reaction of first wave 
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FIG. 19 ARRANGEMENT OF APPARATUS AT SMEAR CAMERA SITE 
FOR SHOT 9155 (U)

FIG. 20 GRAPHICAL DISCOVERY OF 
CLEAR AREA OF ANVIL 
MIRROR lU)



at points .4 and R for an interval raftor first wave arri val —provided 

angle W* > v/2. I» other words, the clear area is defined such that 

ÃF = FJ and RG - W. From a few »ketches of this kind it is readily 

seen that for a given value of r the clear area FG increases »onotoni- 

cally with increasing wedge diaiaeter (2r), and decreases isonotonically 

with increasing wedge angle y. Fór given values of r and y the clear 

area decreases monotonieally with increasing T. It is siso readily 

apparent when there is no clear area at all. 

Since angular displacement of the mirror image increases with in¬ 

creasing angle between wave and mirror surface, the requirements of large 

clear area on the mirror and large deflection on the fflm tend to conflict 

The relation between refractive image displacement * and wedge angle y is: 

wtie re : 

</0 5 optical distance from lens to mirror image 

</ = perpendicular distance from mirror image to 

mirror surface 

¡I = normal component ol mirror tree-surface speed 

I » speed of shock Iront in steel anvil in direction 
normal to itself (or dilatations! wave speed) 

f = objective lens focal length. 

If, as an application of the above design criteria, we choose wedge 

angle > = 30" when wave interval r * 8 ,/ser, we compute the site FG and 

location DG of the clear area to he: Y(¡ = 3.3 cm, RG =■ 9.2 cm. If 

i/n = 20 ft, (/= 20 ft, and / = 10 inches, the same wedge will under a 

1-kb wave produce a refractive image displacement d = 0.029 inch, lo be 

measurable a displacement must he at least 0.001 inch (0.020 inch after 

magnification by five on the film reader) so an experiment with the values 

of il, (/„, /, and y chosen in this example will not quite reveal a 0.1-1 

wave clearly.* 

Ai «ill be enulained in Snction IV «t cilibr.te ob.nrverf fil* di.plncewent. S by »etna of the 
j ' . . i * • i . . . _ _ j j . a - V ii r fecal Icfifth t>f t h* ratiffa or asaiiwe known grad spacing in the iignl sovrt«, and uw Taut «•»- t.ic :cca: ic * 

that the refrected i»ege is in perfect focua. 
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Wli«>n shocks (or til talatioiml waves) are weak in the anvil their re¬ 

flection from free surfaces will be nearly s|teeular.* l'or certain anvil 

geometries a frre-siirface specular reflection will reach the clear area, 

as tlefiied above, before the last wave which is to be observed. Using 

the terminology of Kig. 20 the condition for this can be written: 

RC sin ) + CF sin t < RG + FG sin y 

where 

c = 71 - y - 2,’ 

This condition is tine to the fact that the first wave drags a reflection 

up the face .-1C which reaches h before the sonic tlisturbance centered at 

The specular reflection I rom the back lace of the anvil can never 

precede the last wave to be observed in the clear area (as defined above). 

It is obvious it cannot i f y > ;;/6, for then the specular reflection from 

,4/i cannot possiblv reach the mirror ahead ol the sonic disturbance centered 

at R. (Fig. 21) For the case 0 ^ 7. 6 it can be shown that the break¬ 

out point A on the mirror surface of the double specular reflection of the 

first wave will always arrive at the edge of the clear area (point (« in 

Fig. 20) behind the last wave from the foam to be observed. The calculation 

is as follows and the nomenclature is illustrated in lig. 22: 

.•> « 2) 

III WAVE 

FIG. 21 SPECULAR REFLECTION FROM BACK SURFACE 
OF ANVIL FOR CASE OF v/A>y> tt/6 (U) 

Angle of incidence 3 angle of reflectance. 
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FIG. 22 NOMENCLATURE FOR CALCULATION Of 

SPEED OF DOUBLE SPECULAR 

REFLECTION IN WEDGE ANVIL FOR 

CASE Q< y 4 v/i (U) 

From the law of sines, 

sin (" - 2d) sin 5 sin v» 

M-so, 

so that 

a + /. 
_h_ 

sin } 

m 
h h sin t> 

s i n > s i n 2y s i n 3> 

or, differentiating both sides with respect to time and simplifying, 

dm 
(1) 

'1* sin >(3 - 1 sin2 >) 

If the point K is to reach ('• after the last wave from the foam, then 

I / sin >" 
- < - t T 

tin/dt i 
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wlie re 

tD 

1 - «in y 
I 

Hence the condition become»: sin y(3 - V sin2 y) £ 1 which is always 

true for 0 < ) £ "/6. 

Kquation (1) above can provide an estimate of the arrival time 

the double specular reflection in the clear area of the mirror. 

I). SKAIU'.il Foil IIKFLHCTKD LOCKING WAVR 

Row les and Curran reported seeing the two wave system in impacted 

polyurethane foam UO lb/ft3) directly in \-ray shadowgrams made during 

Of REFLECTED WAVE 
•â-iMi-ir« 

FIG 23 CROSS SECTION: EXPECTED WAVE CONFIGURATION DURING X-RAY 
SEARCH FOR REFLECTED LOCKED WAVE (U) 

experiments similar to those just described7 We repeated their experi¬ 

ment with one improvement: we cut the foam layer thinner and rested it 

on a steel plate in order to stimulate production of a reflected locking 

wave. (See Figs. :13 and 21.) Ihe slight change in density behind the 

forerunning elastic wave was seen by Fowles and Curran with great dif¬ 

ficulty after several unsuccessful attempts; but the dense material be¬ 

hind the locked wave makes itself very plain on almost any shadowgram. 

.., . ofjOT ..n,i onig (Fig. 2Ü), showed neither elastic 
Uur two experiments, Jiiula « ' an- \ ■ t, 

wave nor reflected locking wave (although the locked foam directly under 
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FIG. 24 FLASH X-RAY STUDY OF WAVES IN FOAM (U) 



FIG. 25 FLASH X-RAY PHOTOGRAPH, SHOT 9038 (U)
III*- fxplo.-iiv.- -.loo.l out rle^rlyl. Hie \-r«> beam not collimated and
the interface between foam and aieel «a» |.ut on a line to the \-ray source 
by eye only «e do not tl.ink tlierelore. tie ne^atiee re.aults of tins 
search proie the absence of a locked reflection. althouKh it is probably 
e.ident the reflected ware is weaker or extends less far bark into the 
foam than anticipated »e based our anticipation on one-dimensionaI con­

siderations which will be set forth later; these do not take account of 
the two-dimensional interactions at the two interfaces, nor do they 
recognize the edge effects

The failure to locate an elastic wave in these experiments is also 
not significant.

K. KLVi.ii-i’Lvn: I \im;ui\ii.nts

Figure 3h shows the smear camera record made by the optical lever 
when a flying plate carried 1. 15 « 10« dyne sec cm** of momentum into a 
0. 5-cm-thick slab of O.bTl g cm’ (12 lb/ft’) polyurethane foam (.Shot ‘»15.5). 
The trace marked % was reflected in a horiiontal strip ol the anvil 
mirror about 3.8 mm wide located near the center; a similar atrip about 
3.4 inches below the center ol the mirror on the thick part of the anvil 
reflected the light of the bottom trace (Fig. 18). Ihe vertical scale in 
the figure measures distances between reflection tones of the traces In 
making the photograph the rotating mirror in the smear camera turned at 
very nearly 1000 rps. and the time scale marks the horitontal distance 
equivalent to 2 osec.



FKJ. 26 SMEAR CAMERA RECORD, SHOT 9155 (U)
«a»ei i»o»» out ot the target material at the hack of the wedge anvil 

toward the mirror surface where a compressiona 1 wave pushes the surface 
outward and a r a re f ac 11 ona 1 wave pulls it inward llecause of the wedge 
shape of the anvil, this motion is not simultaneous all over the surface 
hut appears to travel downward, as a result an image reflected in it will 
he moved upward by a compression, and downward by a rarefaction. Ihis 
behavior is illustrated in fig. 1.

Thus the first wave in fig. 26 is the transmitted elastic wsve 
(heresfter termed the \-wave) from the foam. The traces break upward 
sharply; and the amount of displacement and the sloi«e of the locus of 
bresks indicale a wave strength of about 1 kb in steel. Ihe second or 
plsstic wave (H-wave) is also compressionaI but appears much more gradual. 
The additional displacement indicates a wave strength of shout 2.5 kb in 
the anvil. between the two waves the traces are straight, but not always 
level or parallel to their former undisturbed positions. The same con­

dition prevails between second and third (or (.-wave). Over the bottom 
half of the film the traces in the third wave show a sharp upward dis­

placement »e think this wave is a double reflection of the preceding 
one in the foam; i.e.. we believe the second or plastic wave in the foam 
reflects from the anvil into the now locked foam slab, reflects again 
from the aluminum flyer at the rear foam surface, and passes forward 
through the foam and is transmitted into the anvil. .Since the flyer is 
tl.in. the reflection of a romp ress i onal pulse from the foam-aluminum 
interface should be followed by rarefactions (labelled D) reducing the



« 

pressure to tero. These rsrelactions show very elesrly in the photograph 

but the airror surface has not, in the case of every grid line, returned 

to its original alignaent before the arrival of the fourth conpressional 

wave (narked K). 

The fourth shock is extremely sharp and moves the images upward about 

five times as far as the second. It stems from impact of the steel driver 

and probably represents a wave at the elastic stress limit in the anvil. 

The impact also produces waves of stress above the elastic limit and speed 

slower than elastic in the anvil. The effect of one of these later dis¬ 

turbances is seen also in the photograph when the images are finally thrown 

out of the field of view by such a plastic wave (marked F) carrying a very 

high stress in the anvil. 

The train of two waves, K and F, is evidence of the first two of the 

three waves in steel and iron discussed earlier (page 24;. The magnitude 

of trace displacements and apparent speed in the K-wave correspond to a 

stress of about IS kb (which is in the region of the elastic limit of 

4340 steel), but the disappearance of the traces in the F-wave removes 

all evidence of the value of pressure in it. The second wave in the three 

wave train is thought to carry a stress near 130 kb.( We believe the driver 

impact raises the pressure in the steel anvil to a value between 50 and 

100 kb, and that from this unstable wave the elastic forerunner splits off 

.-to become our F-wave; both the K and F disturbances, then, stem from the 

driver impact. We do not understand the trace movements in our records 

between the K and F jumps, but presume they come from the interaction of 

the reflection of the 15 kb elastic wave at the bevelled free surface and 

the main driver shock. (We think the most important intermediate movement 

represents simply the arrival of a compression at the free surface even 

though in some places of some of the records this compression seems to be 

followed by a relaxation, e.g., the upper traces in Fig. 26. The seeming 

relaxation is probably attributable to distortion in the nonuniformly bent 

mirror caused by the very strong warping of the driver (Fig. 17). Wie 

could expect also tiiat this warping might conceivably lead to a diverging 

and weakening elastic wave in the anvil even though the elastic front must 

be followed by a strong plastic shock. Disturbances then may be able to 

pass through the plastic shock front and into the elastically strained 

region ahead of it, if pressure there has been lowered below the elastic 

limit by divergence.) 
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The resulta oí Bencroít, Peterson, »itdHiftshall indícete that onr 

driver inpacl neve in the anvil is always double, that is, the elastic 

forernaner (at a hont 15 khl is in existence at the íonft*e>ml interface. 

Snch a wave always aoves at the saae speed as the earlier, weaker waves 

steaaiaK froa flyer impact. The speed of the main driver shock or 

F'Wave, however, aay not he fixed; its average speed throngh the anvil 

may vary froa experiment to experiment, depending upon the thickness and 

kind of material in the fosa layer. 

The third wave (C) in Fig. 26 is rounded in the traces at the top 

of the photograph and becomes sharp only near the middle. We consider 

this shows weakening of the wave by a rarefaction arising froa the inter' 

action of the first wave with the top of the wedge. We can not trace the 

exact course of the onset of this weakening in the photograph, but the 

dotted line in Fig. 26 is an estimate. The apparent speed of this rare¬ 

faction down the mirror face is markedly less than the apparent speed of 

the previously described waves; in fact, as expected from the analysis of 

edge effects above, the traces near the wedge bottom seem to be completely 

unaffected by this disturbance. We can see the predicted rarefaction froa 

the interaction of first wave and bottom edge of the wedge disturbing the 

first four traces from the bottom of Fig. 26. It appears that the fifth, 

sixth, and seventh traces may be free of these two rarefactions for about 

8 /¿sec after the arrival of first wave. 

The record from Shot 4180 (Fig. 27) shows a new feature, the double 

reflection of the first wave from the front and rear wedge surfaces. The 

approximate course of this reflection (marked II) is dotted in the figure. 

The first wave is not sharp and the second and third waves are missing. 

The foam target' was 12 ib/ft1 polyurethane, as in Shot 9155, but in this 

case we used a slab twice as thick, i.e., 1.0 cm. The plsstic wave does 

not reach the anvil under the influence of the flyer alone; it waits for 

the driver impact. There is considerable unsteadiness in the traces be¬ 

tween wave arrivals; the apparent speeds down the wedge face of these 

slight hills and valleys in the traces seem similar to that of the first wave. 

Apparent wave speeds and the magnitude of trace displacementa in 

Shot 9180 are very similar to their counterparts in Shot 9155. 

Shot 9181 was virtually a duplicate of Shot 9155 except we used no 

vacuum tank—the flying plate travelled through normal atmosphere. In 

contrast to the record of Shot 9155, the smear photograph from Shot 9181 

(Fig. 28) shows a gradual first or A-wave, a late and sharp second or 
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FIG. 27 SMEAR CAMERA RFCORD, SHOT 9180 (U)

FIG. 28 SMEAR CAMERA RECORD, SHOT 9181 (U)



B-«ave, a »trong rarefaction but no third coi»?reaaion«l wave. Some un- 

*ateadineaa in the tracen ia aeen between the first and second waves. We 

think we see also the arrival of a very small compressions! wave doe to 

an air shock ahead of the flyer, and a rarefaction arising from the inter¬ 

action of this wave and the bottom edge of the anvil. Deflections due to 

these disturbances are dotted in fig. 28. The air shock induces a shock 

in the witness plate about one-tenth the strength of that stemming from 

the first wave.* Because of the long time interval over which the air 

shock acts upon the target it must transfer a significant portion of the 

flyer momentum to the target. We can see something like the sought for 

third wave in the traces of Shot <>181 immediately following the very 

large, sharp breaks due to driver impact; perhaps this wave comes in 

later than it did during Shot 9155. Certainly the second wave is later, 

so the third is also. If our identification of the third wave is right, 

the strong rarefactions following the second wave in Shot 9181 (Fig. 28) 

and following the third wave in Shot 9155 (Fig. 26) must be primarily 

the rarefactions which arise at the designated time t* in earlier 

theoretical discussions? 

As a result of Shot 9181 we think the flying plate experiments must 

be done in vacuum. 

In Shot 9216, we doubled the thickness of the flyer plate, and re¬ 

peated Shot 9180. If, as we expect, the flyer received its momentum 

from waves in the 1020 steel of the driver which are constant in ampli¬ 

tude with time, the thicker flyer will move at the same speed as the 

thinner and the thicker will therefore carry twice the momentum of the 

thinner. The flyer momentum per unit weight of target foam was expected 

to be the same in Shot 9216 as in Shot 9155. 

Figure 29 is the record made for Shot 9216. The first wave is sharp 

and has very nearly the same strength as in Shots 9155 and 9180, i.e., 

1 kb. The second wave does appear (in contrast to Shot 9180), but it is 

very gradual and follows the first wave by a greater length of time than 

it did in Shot 9155. 

We do not understand the disturbance (shown by dotted lines in 

Fig. 29) that starts at the first wave just above the center of the 

* This ■«»•.it, of «•««■«, not first >■ ti-« of wh«» s» sir she''!' ’* »”•••*• 

♦ Figuro 6 of AFStC-TnR-<2-2S, p. 32. 
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FIG. 29 SMEAR CAMERA RECORD, SHOT 9216 (U)

mirror but it apparently originates outsi«le the vertical reflection 
zone of tlie mirror.

Foam thickness in Shot 9.117 (fig. 30) was 0.6.S cm, intermediate to 
the thicknesses used in .Shots 91SS and 9180. The first wave is still 
sharp, as in Shot 9135, and has approximately the same strength. The 
second wave appears but is later, weaker, (~1 kb) and more gradual than 
in Shot 9155. A trough follows the second wave. This may mean that 
rarefactions from the flyer begin to arrive before the double reflection 
of the second wave.

Four following experiments, .Shots 9227. 9228, 9244. and 9296 
(Figs. 31, 32, and 33), demonstrate the much different response of 
20 lb./ft’ polyurethane foam to an impact of 1.15 * 10* dyne-sec cm**.
Foam thickness is 1.25 cm in .Shot 9227, 1.0 cm in Shot 9228. 0.60 cm in 
•Shot 92 44 and 0.3 cm in Shot 9296.

There are only two waves in the records of Shots 9227 and 9228: 
the first or elastic wave, and the rarefaction from the bottom edge.
Uther waves were either not present in the anvil or the deflections pro­

duced by them were too small to be di s 11 ngushed. *<Ve expected the elastic



FIG. 30 SMEAR CAMERA RECORD SHOT 9217 (U)

FIG. 31 SMEAR CAMERA RECORD, SHOT 9227 (U)



FIG. 32 SMEAR CAMERA RECORD, SHOT 9228 (U)

FIG. 33 SMEAR CAMERA RECORD, SHOT 9296 (U)



WAV#» * ? be weaker and alower in the more diatended foam than in the 

10 Ib/ft* foam,*and the recorda of Shota 9227 and 9228, reproduced in 

Kiga. 31 and 32, ahow a firat ware in the a^rii between 0.1 and 

0.2 kb in atreagth. 

In Shot 9244 the target waa thinner to aliow the locking ware to 

reach the an»il, and *e gained about 30*5 greeter magnification of the 

image diaplaceaent by increaaing the diatance between anril mirror and 

light aource above the valuea ahown in Pig. 2. (fliia required a field 

mirror between anvil and aource, not ahown in Kig. 2.) The experiment 

waa only marginally aucceaaful because the film waa improperly expoaed 

and we have not attempted to reproduce the record here. We saw some 

indication however of the start of a second, of locking wave, about 

3.6 behind the firat; the full deflection in the aecond wave never 

appeared, either becauae of poor film expoaure or becauae the driver 

wave overran it, -— 

To see more of the aecond wave, we cut the target for Shot 92 only 

0.30 cm thick. We were again not entirely eucceaeful with film expoaure 

in the amear camera, hut the record (Kig. 33) is better than that for 

Shot 9244. 'Die firat wave ia again about 0.1 kb in atrength. The aecond 

wave did appear and it may be stronger than any second wave seen before. 

There is a small region below the center line of the mirror where the 

firat wave disappears from the grid lines reflected in that region; firat 

motion there appears to be a part of the second wave. We think this is 

related to the manner in which a timing transducer was attached to the 

foam-anvil interface (see Section IV). Quantitative interpretation of 

the traces in the aecond wave is impossible because of instability in the 

mirror response and poor photographic exposure. The record shows plainly, 

though, that the duration of the second wave was short, about 1.4 p»tc, 

after which period the traces appear to have returned to near their un¬ 

deflected positions, (ilimpaes of the disturbed traces seem to indicate 

a steady fall preceding this return. If we assume, therefore, that the 

full momentum, less an allowance of 10 percent for the momentum in the firat 

wave, appears in a triangular shaped second wave, we estimate the peak 

pressure to be: 

1-° x 104 „ ,,,. i» - -—— * o a 14.3 kb 

1.4X 10'6 

• AcçmsIí? • UV decline with distention. Table III, p. 66, AFSWC-Tf)H-62-22. EUetic 



Tlii« i» about tlif stress in the first driver impsct (or Ë) wave, which 

is easily analyzed in most of our smear photographs. 

Otar system is probably incapable of recording on the same record 

two waves as different in strength as the first and second of Shot ¢296. 

Shot ¢297, onr only experiment with 60 lb/ft* polyurethane foam, 

produced an unusual smear camera record (Fig. 31). There is a strong, 

sharp, first wave of strength 1 to 5 kb followed-by rarefactions (shown 

dotted) which have slightlv less apparent speeds than the first wave and 

which we consider an edge effect. There is a strong, second compres- 

sional wave but the photograph ishard to read in that region. The second 

wave is everywhere followed by a sharp rarefaction which returns traces to 

near their original levels. The letter identificationsof the waves in 

Fig. 34 are tentative. It is entirely possible the wave marked B is 

actually an elastic forerunner (A-wave) and that the wave designated C 

is not a reflection of the preceding off the flyer, but vs a second, 

plastic or !$-wave. The magnitude of the impulse in the first wave 

(marked d), approximately 1.5 x 104 dyne-sec cm"*, favors the interpre¬ 

tation shown in the figure.* 

Onr first experiment with foamed silica (Shot 9325) showed that an 

impact of 1.15 x I94 dyne-sec cm'2 produced no forerunner in 4.25 mm of 

the material. The B-wave in the anvil was between 7 and 8 kb (Fig. 35*. 

(The fi-wave shown in the figure is regarded as spurious because it has a 

markedly lower apparent speed than expected for a wave front parallel to 

the rear anvil surface.) About 2 /isec after l)-arrival pressure in the 

foam has returned to zero and delivered momentum about equals input, sug¬ 

gesting that rebound of flyer or foam, if it was present, carried little 

momentum. In Shot 9345 we impacted the same material, cut to about the 

same thickness, with 69^ of the impulse.* The two waves are plain 

(Fig. 36). The first (A) is about 0.65 kb in the anvil; the second (B), 

about 1.6 k!) strong, follows 4.2 i.sec behind. There is some minor trace 

motion moving with the same apparent speed between the two waves. The F-wave 

ended observation before any relaxation of the foam was possible. 

Onr experiments with aluminum foam were not so successful as those 

described above, due to unfortunate choices of target thicknesses. The 

* Inpulte li tstlinited as ti«a intaraai bat««»» ioci of 8- a»J C-iStiifttiiatt tlftt’ 
»«»tad by ju«p in B-aa»«. Tha rarafaction front (dottad in ti|«ra) ia not r«|ardad aa a 
faatura of the one-dioanaional beharior of tha foaa. 

* Achieved by redocinf flyer thichneaa to 0.012 inch. 
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FIG. 34 SMEAR CAMERA RECORD, SHOT 9297 U

FIG. 35 SMEAR CAMERA RECORD, SHOT 9325 (U)



FIG. 36 SMEAR CAMERA RECORD, SHOT 9345 (ID

first, in l.l i.’ c "I iiprn rrll fo.in - mm tliirk slrnrk kv a I.IS * |f'* ilvnr- 
«ec rm** impnlsr (Slml slinvnl an ap|>arrntl\ »rrv slrnn^r, »nrv

it-savr. Tim plioiocrapli is Miirrnl (Fi^. 37) anil onlv rartain timr inter-

Tals ran Im mrasnrrJ amiratrlv. TImra ara amlnpiions ai)tns nf a tao aa»a 
striirtiira. prol>al lv IS- .iml (-sjvas. Xssiimini* a sinria triangular piilaa 
liatsaan tlia ;j- anil D-dt aliirlianrrs (wliirli ara al'Oiit 2 .isar apart) aa ralrii- 
lata a paak prassnra diia to tita input impnlsa of a)>oiit |f* kl>.- If tlia tao 
aavas ara prasaiit . tins laasarions iindaraat imat a. * \tkicliar alal- ( 3. ,'i sws) 
of li^l'tar matarial (0.7.3 c rn*) impartail a i t li t lia sama flvar (.Slid 032')) 
pava tlia pariil I jr smaar raronl saaninKip. 30 aliara aa liara not at laisptail to 
assipn tlia ciiatomarv lattar da a i cna t i oiis to t lir sararal aavas. Init, for tlia 
tima lainp, Iiava rallad tliam (i-, II-. I-. and .1 - aa» as. T'la II-, I-, and .1 • 
striirtiiras liava t lia sasia a|>|<arant spaad; pass i l>I v I lia II-aava i s a pradiial 
\-(rnnl liataaan 0..Sani|0.h kl> slraiiptli; Init aa ran not nlantifv ilia sliarp 
t-aava ('2.3 kM no r t li a pradiia I .1 - d i st iirlianra (^1.5 kli). Tlia (i-aava aitli 
an apparaiit spaad o f alioiit 2 3 tliatofll, I, and .1 lias tlia appasranta of an 
adpa affart oripinulinp offavartiral linaontlia mirror draan tliroiipli tha 
raflattion lona. lint its stranetk is iiniisiiallv larpa. Tlia K-asva ovarriins 
all Its pradarassors ins rrpion just l.aloa mirror rentar; lioaavar ilia (i- 
and 1-aavps ronnart smootlilv a i t li aavas liataaan tlia I- and K-tiraaks and saam

* Tlia klvrrlai •! lliv trvcvi is Fi|. )? aw bv Sav to saraaoaat lapairaaat al tba raflactia) 
aarfaca at tha aaiil bv a varv alraa) aback. If tbia la aa, tba S-aava la tkia aasariaaat 
•utt b« fon f I de r tb I » tbtw 1^ hb oinr# tb* t n <»tb»r thoti do»i no!
• i(PiUr tmpurmtni.



FIG. 37 SMEAR CAMERA RECORD, SHOT 9324 >U)

FIG. 38 SMEAR CAMERA RECORD, SHOT 9329 (U)



to go en at tlieir previous apparent speed in that area of the record, 

fe compare this phenomenon with the appearance of small waves between 

the K- and F-loci of Fig. 26, Shot 9155. 

A second impact (Shot 9344) of the same foam cut SO*? thicker (4.5 mm) 

produced an incomplete film record becauseof faulty exposure, but the photo¬ 

graph does show a s 1 igh11y larger time irtterval between the II- and E-waves in 

the mirror area below the center. The first wave is approximately the sane 

strength as in Shot 9329. Traces above the center were lost. 

In Shot 9328 we applied an impulse of 1.15 x 10* dyne-sec cm * to 6.0 mm 

of foamed graphite about 1.5 g/cm1 dense. There are twowaves, an F and 

probably ail. Tie latter blurred the record beyond reading in the region 

following it. 

The intelligibility of these experiments depends upon a reproducible, 

known flyer speed. If flyer acceleration stems from the impact of two 

waves characteristic of the driver material, any explosive charge large 

enough to induce the two characteristic waves ought to lead to the same flyer 

speed. (And, as mentioned earlier, this speed wi11 he independent of flyer 

thickness.) Any charge smal 1er than thi s minimum would not induce the 

stronger of the two characteristic waves in the driver; flyer speed wouldbe 

less than expected and may vary from shot to shot becauseofsmal1 differ¬ 

ences in the explosive. Although two earlier experiments, Shots 9097 and 

9098, yielded flyer speeds consi stent wi th each other, we fired Shot 9245 to 

be sure the explosive charge used in the preceding experiments was above the 

minimum. V.eputtwo si alia o f Uaratol, each 2 inches thick, between the P-80 

plane-wave generator and the driver, and observed the impacto! the 0.020- 

inch-thick aluminum flyer on a glass plate coated with stripes of reflecting 

gold. The experiment was generally similar to Shots 9094, 9097, and 90 

described in Section P above. 

IVe did hope in the new experiment, however, to observe reflections in 

the surfaces of both the flyer and driver during flight and to record 

separately arrivals of flyer and driver at two offset mirrors.* The smear 

camera record (Fig. 39) is puzzling for it seems to show the driver over¬ 

taking the flyer. We see the steel elastic wave arrival at the driver 

surface (marked Ü in the figure) and at the flyer surface (G), first mo- 

tionofthe flyer (A), driver impact at its target mirror (C), and flyer 

arrival at its target (1)). Uut there are change* in the reflection off 

the flyer during flight (F) and an apparent spread of shock disturbance (E) 

* Th»r« ••• * hol« i« th« £l»«r to «Ho« it to p«*« o*«r tht fir»t, or driver, «irrer «ithoat 

disturbing it. 
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fro« the firet to the second target. Impact at the two targets would hare 

been simaltaneons had the driver and flyer behaved as previously (»hen no 

Beratol »ea used). The cut-off in reflections at driver target (C) and 

and the changes (marked ¥) both seem to show the influence of the strong 

curvature of the driver. 

Average driver speed across the gap »as 0.728 mm//isec—about the 

same as in Shot 9094 when no Baratol «as used—and as reported by Bancroft 

et al* when Baratol «as used with the P-80. Flyer speed »es seemingly 

less than this in contradiction of our earlier results. (Bancroft et al, 

did not observe the speed of a spalled flyer.) Although we doubted the 

validity of such a perplexing record, the outcome of this experiment led 

us to make special measurements during succeeding flying-piste, foam- 

impact experiments which showed that when Baratol was not added flyer 

speed was almost constant at the expected value. We will discuss these 

measurements in subsection F. If the shock wave induced in the driver by 

the Baratol has and retains an unusually* long rise-time, the peak pres¬ 

sure may not be able to influence flyer motion; that is, flyer and river 

may finally separate before pressure rises fully to that in the second 

characteristic wave in steel (~130 kb). 

F. MEASUHKMKNT OF FLYKH AM) WAVE SPEEDS 

During some of our flying-plate experiments we tried by means of 

electrical signals placed on a raster oscilloscope to observe flyer flight 

time and first wave transit time in the foam. The signals for these pur¬ 

poses came from switches and from a PZT transducer arranged in the vacuum 

tank as sketched in Fig. 40. Trigger to start the raster sweep came from 

the firing circuit; the P/.T sensed the motion of the driver free surface 

about 30 /¿sec later; the flyer completed the electrical circuit containing 

the first switch and allowed a capacitor to discharge through a resistor, 

and when the foam moved into the anvil the contacts of the second were 

closed. A typical sequence of signals appears in Kg. 41. 

Flyer speeds measured in this way were fairly consistent (Table VIII) 

Their average was about 5% higher than the average result of Shots 9097 

and 9098. A number of apparently extraneous signals appeared in the 

« Coapartd to thot of the •eve induced in the driver by the exploeive 
f4y£rt i,:.f by Composition «hiçh f«r»# the terainal eleaent of 
front rauft peraiat during the one-inch-long trônait of the driver. 

lena without the Baratol 
the P*ft0. The alope in 
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FIG. 40 SCHEMATIC DRAWING OF DEVICES FOR OBSERVING 
ARRIVAL TIMES, SHOTS 9296 AND 9297 (U) 
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FIG. 41 RASTER OSCILLOSCOPE TRACE,
SHOT 9297 (U)

Table VIII

FLYEP AND WAVE SPEEDS MEASirPED BY BASTEP OSCILLOSTjOPE

SHOT
HO.

TAHGtT 
MATCHUl

DISTANCE
nm TO

rOAM
(mm)

nrcH 
TIME OF 
niCNT
(Maac )

FLTCH sneo
(M/A4«ae)

THIdNESS 
or FOAM 

(mm)

WAVE
THAHSIT

TIME
(m*oc)

AVCHAGC 
WAVE 

SPEED 
IN FOAM

(mm/firntt )

PHCSUHED 
IDENTITY 
OF tAVET
aosiNc
SCGONO
StITCN

9296 Polyvretbane 
20 lb ft’

44 12 1 0 10 52 45 0 841 3 02 t 0 05 1 59 1 87 4

9297 Polyuretbane 
60 ib ft’

43 99 t 0. 10 52 35 0 840 3 05 t 0 05 19 1.60 B

9324 *r-AO , 
1 4 * c«>

44 48 51.31 0 867 1 98 2 58 0.767 B

9325 F.ccofoaaiTS) 
11 *«»

44 73 53 40 0 838 4 14 2 37 1 745 B

9328 Graphite. 
1 5 g

44 09 SO 35 0 876 5 66 0 96 5 90 B

9329 MPAO ,
0 74 g'eai'

44 32 52 79 0 840 3 43 ainial
loaf

f*»

9345 Eccofoen-Si
1 1 g'c«’

44 20 49 13 0.900 4 56 2 94 1 55 4

Arerege 0 857 1 0 022
• I

Driv«r-»«T* overtook flyor-*ov« i» tk# foo»; foiloro * 
of oocooj oottek aoy ko 4oo to Moooally kifk ^ 
otrooftk of activotiiif oovo.

Soo cloaaificotioa ockaao oo pofoo Sk.S9.
firot ooitek ia all eaaaa praaaaakly
cleaed ky flyar.



FIG. 42 RASTER OSCILLOSCOPE TRACE,
SHOT 9296 (U)

raster traces, at nay be seen, for example, by contrasting Figa. 41 and 
42; nearly all the signals last a significant length of time. For these 
reasons me hold optical measurements more reliable and use their result, 
i.c., 0.82 mm/Mtec, in calculations of impulse.

The average nave speeds baaed on the electrical meaaurcmenta. nhich 
are also entered in Table VIII, are probably even leas reliable than flyer 
spaadt because the transit time is abort compared to signal length. Only 
two entries relate to the elastic forerunner (A-wave); the first, in 
20 Ih/ft* polyurethane (Shot 9296), is considerably higher than sound 
speed (1.30 mm/Msec )* which is unusual; the second, in silica-foam



(Shot 9545), is also higher than souad speed in that «ateria] 

().35 smb/m*««:)* het less so than the first. The assuMptions are 

implicit in these ten cases that the k- and afrenta separated at fie 

foam-flyer interface and that the seéónd saitch elnsed as sdnn as tie 

vave had passed through the foa«. As ail! he seen in Section VT, the 

first asswaption is generally good only if A-aave speed is near soand 

speed; if it is considerably toner, separation does not occur iMedi¬ 

ately and the entries in Table Till, colman É, may be considerably 

higher than trae A-aave speed. The second assmaption nay lead to an 

overestinate of transit tine of at «oat a fen tenths of a /asee, nhich 

will lead to an uaderestinate of nave speed of Id to 20%. 

Table Vlll shows a value of 1.60 m/fJMèe for ft-nave* speed in 

60 Ib/ft1 polyurethane (Shot 9297); round speed in this material is 

2.0 mm/fiêèe. * 

fe do not at present put much value on these measurements of nave 

speeds in fouet. 

In sharp contrast to the dubious method of nave speed obsecration 

presented above, an optical technique has produced quite satisfying 

measurements of elastic nave speed in 39 ib/ft* polyurethane. Here ne 

Used the Usual optical lever with the smear camera but the mirror nas 

a flat, thin plate of hardened steel glued to the oblique face of a 

wedge of foam (Pig. 43). te established a plane nave front in the foam 

with sheet explosive and photographed the movement of images in the 

mirror after the wave entered in the steel slab. Figure 44, e cross- 

section through the apparatus, shows the elastic wave reverberating in 

the steel layer. We reed the speed of point P from the smear record 

and assumed this to be the speed of Q, which, combined nith the deto¬ 

nation speed provided by the pin switches in the explosive and the care¬ 

fully measured value of the angle 6, yielded nave speed in the foam. 

For our first trial (Shot 9431) we Used sheet explosive 0.020 inch thick 

and a wedge angle 9 of It9 10'; we repeated the measurement with 0.050 

inch of explosive and an angle of 24° 10'. Figures 45 and 46 reproduce 

the smear photographs. The traces marked are reflections from the 

mirror area near the fiducial mark (Fig. 43) where the wave had passed 

* t*bUHVS idbStificitist. Sut t>*(* 47 . 
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]f INiTlATiON

FIG 43 EXPERIMENTAL ARRANGEMENT FOR MEASUREMENT OF WAVE SPEED 
IN A WEDGE BY THE OPTICAL LEVER (U)

CL-SMO IXPLOtIVC |OCTON*TIO) ,
FIN SWITCH

FIG. 44 MEASUREMENT OF WAVE SPEED IN A FOAM WEDGE (Cross Soetion), 
SHOT 9432 (U)



FIG. 45 SMEAR CAMERA RECORD, SHOT 9431 U'

FIG. 46 SMEAR CAMERA RECORD, SHOT 9432 (U)



ttirottgh •pprvxiMatcly one inch *f foM. Tfce I®c»* ¢1 aarks tke »rriwal 

of tka elastic save sad tie fotloaief loci of siailar slope are dee to 

reverkeratites of tfcis «ave is tke ateel. Soaaé sifaala or ed»e effects 

free tke top of tke «irrer travel «ore sle*Iy dk*«e tke face sad leave 

traces sack as 6. Host of tke slower disturbances (as coatrasted to 

reverkerationsl see« to die out before reeeking tke kette« at tke pkete- 

grapked regie«. Tke lockiag wave prokakly dees sot strike tkia pm of 

tke steel kat its effects are aadoebtedly transaitted dow« tke airror 

aad seen in tke record long after the passage of wave & 

In both figures tke slope of tke first locos is nearly constant 

over alaost 5.0 ca of tke airror near the top. Apparent speeds here are 

20.6 aa/Moec (Shot 04311 and 7.96 ma/i«ec (Shot 94321. Osing tke average 

vaines of detonation speed measured by the pin switches, 7.25 a«/|*sec and 

7.23 aa//uec, respectively, we compute elastic wave speeds of 1.63 and 

1.585 aa/fisec, respectively, or an average of 1.60 ± 0.02 aa/^tsec. 

Tke detonation speed in any one shot is unsteady by less than 2%. 

In both Figs. 45 and 46 the trace displacements become aarkedly less 

sharp and more gradual as the reflection zone becomes lower, t.c., as tke 

wave travels through «ore foam. In Fig. 46 (Shot 94321 this gradualness 

is manifested at first as less overlap of original and displaced trace 

instead of as a gentle rise to the displaced level as in Fig. 45 

(Shot 94311. When mirror object and its reflection zone are in a plane 

with the line of sight to the cañera, as in these two experiments, a 

pressure wave of step-like profile will cause the same aaount of overlap 

regardless of its strength, ke concluded there is a change in wave shape 

during our observations. We saw the same effect in one-dimensional im¬ 

pacts (Shots 9155 and 918M, but there were no indications there of an 

accompanying change in peak pressure in the wave. However, Shots 9431 

and 9432 do show a gradual pressure fall as the A-wave moves through more 

and more foam. We report on this behavior on page 74. 



ft i* tm sxu#^ ifttt* 

A. theoretical backcroono 

Fowles * has calculateJ the normal stress A in a di1atational é’aatié 

wave from the turning angle of an oblique free surface, ff *¿ äjpjkfy Hie 

results to waves induced in our wedge anvil and observed by the optical 

lever, we find the following formulas: 

2v - ï .,, 
cos ¿ 1 1 sin'f' 

i- ■ I 

sin o cos f * cos o sin (t ~ ¡>) 

* * sib 2ä 

s 
P = pjr;t!, 7~ ^ sef â • 

-°i 

In these expressions 1't - dilatational elastic velocity in witness plate 

(6.06 mm/>isec), v - Poisson’s ratio for the anvil (0.20), = appatèPt 

speed of wave along mitror surface, = original density of bnvil 

(7.8 gdi/cm’l, s = displacement of image of light source in ahvil mitror, 

and dx - perpendicular distance from light source to mirror, the qUati- 

tity V' is the slope of the locus of fitst motion of the traces in thè 

film multiplied by 

where jt is the ratio of distance on the grid light source to vertical 

distsnee on the film reader screen; /,. the tatio between elapsed time 

and horizontal distance on the screen; I, and lf are distances from ob¬ 

jective lens to wedge and from wedge to grid light source, respectively. 

The quantity s is the trace displacement ort the screen multiplied by /g. 
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May lfí«tt Ui« abaettad straases significantly, Klyer curvatura ia aerare 

eHtfUgti (figa, 15 and Ifi) ta canse ita i«i|iact tara in the anvil to have a 

cuftatiite af radius abent 200 m«., Since diminution or increase of strength 

in a spherically diverging or converging nave goes in the near region ap- 

proaittStely as reciprocal distance squared,* ne might expect weakening or 

strengthening of the nave in the clear area of the nedge to be more than 30*. 
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B. PRESSURE DISTRIBUTIONS IN THE ANVIL 
DUE TO FIRST OR A-tAVE 

With every trace Motion in a oave we aaaociate three nwabera*: 

koriaoetal fad vertical cootdinatea, and displaceaent. The coordinatea 

are replaced by'an eighth degree polynomial fit by the method of least 

squares; displscement is similarly reduced to a function of position 

on the mirror. From these teo curves we derive the quantities necessary 

in the cnlculation set forth in subsection A above. 

Ve applied this analysis to all our foam impact experiments except 

Shots: 4181 (flyer in air), 4211 (0.6 cm of 20 lb/ft3 polyurethane), 

4246 (0.3 cm of 20 lb/ft3 polyurethane), 4321 (1.1 g/cm3 Al), 4238 

(1.5 g/cm3 graphite), and 43.li (0.15 cm of 0.75 g/cm3 Al). In all these 

cases except the first, the photograph was unsuitable. 

Figures 17 through 61 present the distributions and configurations 

we were able to find. The arrow in each figure along the z'-axis marks 

the approximate location of the foot of a perpendicular to the back face 

of the wedge which passes through the center of the reflection zone of 

the mirror. 

For two-dimensional experiments we present a fictitious "wave con¬ 

figuration” found by attributing the surface motion to a wave moving 

obliquely into the mirror from a steel half-space. There are arrows 

along the z' axes in only two cases, Figs. 57 and 58; these mark the 

approximate location of the point on the rear surface of the mirror 

reached by a wave after travelling through one inch of foam. 

Metween the points ARC along the configuration curve in Fig. 17, 

the average radius of curvature is between 150 and 250 mm, and the de¬ 

parture from simultaneity of arrival of such a wave at a plane parallel 

to the back face would amount to about 0.5 ,xsec in steel. We may reason¬ 

ably suppose that the flyer configuration shown in Figs. 15 and 16 is 

responsible for such a wave shape. Consequently, we read the true 

pressure in the wave (in steel) represented in Fig. 47 as very close to 

1.0 kb; that is, we believe the section of the pressure distribution 

curve R'C stems from a part of the wave having slight curvature. 

*R«id (rom the iiuge of the 3S*mm film negative projected by a Vanguard model 7H*inch eide-angle aereen 
film reader. Magnification in the reader ia about S«. 
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FIG. 47 STRESS DISTRIBUTION AND WAVE CONFIGURATION OF ELASTIC WAVE 

IN ANVIL, SHOT 9155 (U) 

FIG. 48 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, ELASTIC 

WAVE IN ANVIL, SHOT 9180 (U) 
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TMMo top or mmo* 

SHOT »21« A-WAVE 

J_1_1_L_ 

Í, DISTANCE PARALLEL TO BACK PACE-MM 
(ARBITRARY ZERO) 

FIG. 49 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 

ELASTIC WAVE IN ANVIL, SHOT 9216 (U) 

FIG. 50 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 
ELASTIC WAVE IN ANVIL, SHOT 9217 (U) 
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FIG. 51 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION 

ELASTIC WAVE IN ANVIL, SHOT 9227 (U) 

FIG. 52 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 
ELASTIC WAVE IN ANVIL, SHOT 9228 (U) 
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FIG 53 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 
ELASTIC WAVE IN ANVIL, SHOT 9345 (U) 

FIG. 54 PRESSURE DISTRIBUTION AND "WAVE CONFIGURATION,” 
ELASTIC WAVE IN ANVIL, SHOT 8773 (U) 
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FIG. 55 PRESSURE DISTRIBUTION AND "WAVE CONFIGURATION,” 

ELASTIC WAVE IN ANVIL, SHOT 8775 (U) 

FIG. 56 PRESSURE DISTRIBUTION AND "WAVE CONFIGURATION,” 

ELASTIC WAVE IN ANVIL, SHOT 8863 (U) 

* 

t 

66 



2' juin 
(ARBITRARY ZERO) m m«i i* 

FIG. 57 PRESSURE DISTRIBUTION AND “WAVE CONFIGURATION," 
ELASTIC WAVE IN ANVIL, SHOT 9431 (U) 

(ARBITRARY ZERO) 

FIG. 58 PRESSURE DISTRIBUTION AND "WAVE CONFIGURATION," 
ELASTIC WAVE IN ANVIL, SHOT 9432 (U) 
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f IG. 59 PRESSURE DISTRIBUTION AND WAVE CONPlGURATlON, 
H-WAVE IN ANVIL, SHOT 9329 (U) 

FIG. 60 PRESSURE DISTRIBUTION AND "WAVE CONFIGURATION," 
PLASTIC WAVE IN ANVIL, SHOT 8775 (U) 
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PIG. 61 PKÈSSUfcÊ DISTRIBUTION AND WAVÉ CONFIGURATION, 
PLASTIC WAVÈ IN ANVIL, SHOT 91S5 (U) 

FIG 62 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 
PLASTIC WAVE IN ANVIL, SHOT 9217 (U) 
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FIG, 63 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 

PLASTIC WAVE IN ANVIL, SHOT 9297 (U) 

FIG. 64 PRESSURE DISTRIBUTION AND WAVE CONFIGURATION, 
PLASTIC WAVE IN ANVIL, SHOT 9325 (U) 
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Th« same argument can he appiieti perhaps more successfully to Fig. 48, 

where from sections A'B' and CD' we read the pressure in the first ware 

as ft.06 kb. Shots 9216 and 9217 (Figs. 49 and 50, respect»reiy> yield 

pressures of 1.35 and l.l kb, respectively. In these observations of the 

first or \-ware in 42 Ih/ft1 polyurethane, there is no well-established 

correlation between stress and foam or flyer thickness, and for the time 

being we regard the variation in our values of stress as a measure of 

experimental error. 

In Figs. 47 through 50 and Fig. 53 regions of high pressure corre¬ 

spond roughly to areas of condensing wave front, and low pressures are 

fairly closely related to a diverging wave. Perhaps it should be kept 

in mind that we placed an electric timing switch (Fig. 40) between the 

foam and the anvil in Shot 9345, the center of which fell about 30 mm to 

the left of along the abscissa ol Fig. 53; this is just the region 

from which we have taken the value of A-wave pressure, 0.65 ± 0.05 kb. 

The small trace movements associated with the first wave in 20 1b/ft3 

polyurethane are more difficult to read consistently; consequently, Figs. 51 

and 52 show considerably more confusion than those just discussed. (We 

had to smooth the film readings by eye before fitting the polynomials.) 

We have found by averaging the stress over the entire mirror 0.16 ±0.02 kb 

in Shot 9227 and 0.13 ± 0.01 kb in Shot 9228. Wove configurations shown 

in Figs. 51 and 52 are spread over less distance normal to the back face 

of the anvil than those computed from experiments with other target mate¬ 

rials; this may be a result of the more drastic smoothing procedures. 

We can apply the calculations of subsection A above to the two- 

dimensional experiments, Shots 8773, 8775, 8863, 9311, and 9312, with 

interesting results. Since during these shots we photographed only those 

parts of the mirror free of edge effect or the effect of “start-up, " 

calculated "wave configuration" should reflect changes of detonation 

speed and/or changes of wave speed in the foam. Instantaneous apparent 

speed F, con be fount! from wave shape by the formula: 

where Va is average apparent speed, and Ax' and Az' are coordinate changes 

between two neighboring points in the front. (In computation for Shots 8773, 
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»775, and »*»3 *e arbitrarily chase Pg to be assuned detonation speed, 

i.e., 7.5 am ¿mee for EL50«) and 7.8 mai ¿mee for comoosition B-3. > 

The “ware configurât ions” from the two-dimensional experiments 

(figs. 54 through 59) imply apparent speed rer ist ions over the mirrors 

of less than 5*?, which we can attribute perhaps to experimental error 

and to actual changes in detonation apeed. We may in the same way regard 

the pressure distributions for the two-dimensional experiments m which 

the ware passed through a uniform thickness of foam to reach the mirror 

(Figs. 54 through 56). Shot 9432, however, showed a strong pressure 

change in the A-ware of a more serious nature; there stress gradually 

falls from 0.90 kb at the top to under 0.4 kb at the bottom (Fig. 58), 

Stress in Shot 9431 (Fig. 57) also shows a downward trend of smaller 

magnitude. Because of the larger wedge angle the ware in Shot 9432 

passed through more foam to reach the bottom of the mirror than in 

Shot 9431; that is, the effects of attenuation, if it exis»«, shoul be 

more severe in Shot 9432 than in 9431. 

This is the evidence, referred to in the Summary, that rarefactions 

moving at sound speed may be able to overtake and weaken the supposedly 

constant A-wave. 

Information concerning the first wave from Shot 9296 is fragmentary, 

and we conclude from it only that the A-wave has approximately the same 

strength found in other observations of 20 Ib/ft* polyurethane. Simi¬ 

larly, because only a small part of the wave appears on the record of 

Shot 9329 (0.74 ß/cm3 41), the deduced value of first wave stress, 

0.55 kb, must be considered only approximate dig. 59). 

C. PRESSURE DISTRIBUTION IN THE ANVIL DUE TO SECOND # 
OR B-WAVE 

When impacts are either one- or two-dimensional, the area of obser¬ 

vation of the second waveismore limited than that of the first. We have 

discussed the weakening of the second wave in the wedge by the edge effect 

of the first (for example, Fig. 26). The plane mirrors of Shots 8775 

and 8863 are similarly affected; the influence of the top edge is clearly 

seen in the photographs, Figs. 6 and 7, and the weakening due to rare¬ 

factions from the bottom appears in the calculated pressure distribution, 

Fig. 60 (in the segment between the letters A and /)). This must be, of 

1 
1 

9 
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remrse, a weakeniag that take* place while the wave i* in the foam, te 

might expect the relatieely alow mwaing aecond wave to be iaflaenced 

for eonaiáerable diatance vp the wirror by soand »igual* trailing behind 

the first wave. In the case of Shot 8773 we wowld ai*o expect that the 

R-wave is weakened in the foam by the rarefaction reflected by the A-wave 

from the mirror surface; in Shots 8775 and 8863 the R-wave presumably 

arrives at the foam-anvil interface before the arrival of the mirror 

rarefaction there and is not weakened hy it in the foam. One or more 

of the later reverberations in the smear record of Shot 8773 is probably 

an elastic radiation from the locked mass of foam stimulated by the 

relief of stress carried by the reflection of the A-wave at the mirror. 

He read second wave pressure in the mirror from Kg. 0 as 

5.85 i 0.07 kb. he believe the 0.050-inch-thick KL506D explosive layer 

introduced about 3.2 * 10* dyne-sec cm'3 of momentum into the foam. 

Kffective foam thickness was only slightly greater than 0.5 inch or 

12.7 mm because of the oblique impact. 

Two of the flyer-plate impacts produced good measurements of second 

or B-wave strength, Shots 0155 (Fig. 61) and 0217 (Fig. 62), both of 

which used 12 lb/ft1 polyurethane targets. In Shot 0325 (1.1 g/cm3 

silica, Fig. 64) the H-wavc may have over run the elastic wave anti left 

a fairly intelligible record on the film; analysis of Shot 0297 in 

60 lb/ft3 polyurethane is presented in Fig. 63. In many others the 

B-wave influenced only a small part of the record, and the calculation 

of stress is doubtful: Shots 9216 in 42 lb/ft3 polyurethane, 9329 in 

0.74 gm/cm3Al, and 0345 in 1.1 gm/cm3 silica. Table IV contains our 

conclusions as to true wave strength in all of these experimenta. In 

Table IV for Shot 9329 the I- and J-wave strengths are Hated separately. 

These waves are defined in Fig. 38. The weak second-occurring wave in 

Shot 9345 (Fig. 36) is ignored and the larger fragmentary disturbance is 

regarded as the B-wave. Table IV also shows some values of minimum 

foam thickness in which we have observed the suppression of the B-wave. 
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Y STATIC PROPBrnES OF FOAM 

A. COMPRESSION TESTS AND MEASUREMENT OE SOUND SPEEDS 

With compression and tensile testers* arranged to apply compressive 

force to a cylinder of foam encased in a lubricated steel jacket, we 

derived quasi*static stress-strain curves lor most of those distended mate¬ 

rials we have subjected to impact loading (Figs. 65, 66, 67, 68, 69, 70). 

(We explored briefly the effect of variation of strain-rate over the 

very small range available in the testing machines without finding any 

noteworthy dependence. Fig. 66.) He also measured sound speed* in the 

same specimens before compression in the tester and have entered these 

values in the figures. Because we had used our supplies we were unable to 

compress a sample of the 1.5 g/cm1 graphite; we tested 1.04 g/cm* material 

instead (Fig. 71). 

Stress is the simple kind of function of strain described in the 

Introduction except in the case of the heavy aluminum foam (Fig. 69), 

that is, each curve but one has a low-stress region which, if the shock 

llugoniot followed the quasi-static stress-strain curve, would predict 

the possibility of a forerunning clastic wave. When the undisturbed 

material is at rest, points (P, F) of a shock llugoniot in the pressure- 

volume plane are related to the initial or unshocked state (Po, V'#) and 

the shock speed U by: 

1' 
0 

Since for the elastic wave U * Ut and P# * 0: 

1' 
0 

P 

V 
0 

V 

V 

nitron, model TT0L/M1.6, temile teller; llildnin Prill, model MAlh. 

*By compiring triniit timei at • itngle, mrroe prenure pulie induced by • MT trmiducer through limpie 
■nd through • mercury column of iccuntely knoon length. 
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FIG. 65 QUASI-STATIC COMPRESSION OF 42 lb/ft3 POLYURETHANE 
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FIG. 68 QUASI-STATIC COMPRESSION OF OPEN CELL 0.74 fl/cm3 
ALUMINUM FOAM (U) 
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b*f * n/r0 the abseits* «imI I* tfce »rrfinate of iKe 

c*r*«s M**»i«re>{ i» »nr t«t*. Tfcm«, o* **efc figure there ère 

st leset tee sttsifthl tiees ¿reett thteegh the erigi»; eee h** ■ 
P/Ur* - tvrj - tf/tr* - f), eom^nteà hy messeted seseé speed 

C * T, »»d «U ** dtsee remehle te perellef Ifce lee pressere sectiee 

el t(»e ee«»(*»e»*ie*i eer*ev fron» tfce second a sliecli »peed is predicted. 

Also, along Ike abscissae are arrows Marking the strain neceasary 

to reach norwal density of the Material which the foan is nsde. 

In fig. 65, the stress-strsin carre for 42 Ib/ft* polynrethane, 

neither the slope corresponding to sound speed (t/f ■ 1,74 x 10s ce/sec) 

nor that based on the 4-ware speed Measurements of Shots 9431 and 9432 

(í/'# « 1,60 x 10s cm/sec) is near the actual slope of the curre (Ut * 

1.1 x 10s cm'sec), In this tase we accept Vf * 1.60 * 10* cm/sec as 

most nearly correct for the forerunning wares occuring in our impact 

experiments. 

In silica the Jitergenee between the slope based on sound speed 

and that of the static compression curve is striking (Mg. 70). As will 

be explained later (Section VI H) the evidence from measurements of time 

intervals in the flyer plate experiments points toward and A-wave speed 

considerable less than sound speed, t.e., more nearly like that implied 

by the compression curve. 

In no case is a sharp yielding at the clastic limit aeen in static 

compression. The best we can hope for is to be able to identify a zone 

of yielding. 

B. MKASUHKMKSÎ OF DFNSITY I'M KOHM ITY 

Fluctuation of initial density throughout a foam target could lead 

to erratic behavior of the shock waves and to incorrect deduction of 

foam properties. Since we do not manufacture any foam in this laboratory, 

we have accurately measured densities of random samples of target material. 

From our experimenta last year and this, we had several scraps of 

various foamed materials left over, all marked with the nominal densities 

of the Urge specimen from which they were cut. All polyurethane foam 

came from one supplier and all aluminum foam from another, but the scraps 

probably represented fairly widely spaced sampling from one or more 

batches. 

ss 



——- -.. 

i. 

'■‘JsáL^â 

•f Mt*rial *• fifbt t«*t 

cyliMtora, .11 1.» - t i i"l»- »«« -* •k"« i'«-*"** ¡* "**“" 
Th* diMMkar «•< lM«a oí «aeli **re t® » *«c*r»«y *1 ±#.«*S 

i«cl. »d®« t® iô.OOOS gttm. Ifce «ec®r®ey ®f tk® êfHf 
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The raaf® ®l rariatioa ia d®aaity ia thote eaa®a ia aboat th® aaa®. Oa® 

aat®rial, Î2 Ih/ft* yolyarethaa®. aho®ed mch l®aa aaiferaity ia deaeity. 

(«e hare aot «aed aay of thia aaterial ia th® praaaat pregraa.) Soa® 

of th®a® reaalta are collected ia Table IX. 

Tabla IX 

SOME RESULTS OF DENSITY MEASUREMENTS OF ROANS 

NATtRIAL 
AVBNA6K 
DCRS1TT 

(■a aa'*> 

RMKt or 
nmiTin 

(*) 

"•ytsss'* 
B< !» 

20 lb/1 
polyaretbaaa 

32 lb/lt** 
polyaratnaaa 

40 lb/ft** 
polyarathana 

Al-foaa 
cloaad call 

0.30S 

0.S17 

0.670 

1.45S 

11.0 

•2.3 
♦9.0 

•0.93 
♦2.4 

♦0.93 

|_!±_ 

2.0 

4.3 

0.96 

0.74 

Ci|bt •tapia* 

Voar ttapitt atlT 
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LIST OF SYMBOLS ÚStfí IN SECTION VÏ 

SYIDOL 

X 

X * 

X 
» 

X 
t 

r 
» « ’ »t 

'\>x\ 

t 

t* 

V 

T 

P 

P 

DEFINITION 

distance 

distance coordinate of shock front 

distance coordinate of boundary at which pressure 
is applied 

distance coordinate of elastic precursor front 

critical value of v( or for which single shock 
front splits into two fronts 

critical value of xf or for which amplitude of 
second shock reduces to tero 

distance coordinate of sound wave in rarefaction fan 

time 

critical time at which single shock front splits 
into two fronts 

critical time at which amplitude of second shock 
reduces to zero 

reduced distance (17 ■ x - *() 
subscripts refer to corresponding values of x above 

reduced time (t = t tt) 
subscripts refer to corresponding values of t above 

specific volume 

initial or distended specific volume 

specific volume in elastic precursor 

specific volume of locked foam 

density (p = l/H 

pressure 
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P' eritieaii pTMrare *4 wfcicfc «ingle »No«k Iront 
i»4» t»o ítoott 

P9 ^eek pretmre Jelireréâ to oolià boooéory opo» Tt- 
fleetiow of litoi *fco«k in toom 

P} ftoooott i* left'kandi locked (Mise oí loa» 

P1t pttBOott el rear kooodery oí loom ot moment oí inpact 

P'tt trial «alee ot P,t 

t,Vt «Koek wa»e «elocity 

a ^article velocity («ebecripta refer to «alaea 
corresponding to preasare^volane States above) 

/g «oaentHM delivered to loom 

H «aas per anit area ol loom and flyer between flyer 
free aarface and locking shock front 

Ht valae of >x corresponding to *lt above 

fi* valae of n corresponding to x* above 

Ht mass per unit area of flyer 
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A. EXPOSITION 

Fowl es and Curren0 hare given approximate equations of motion within 

an elastic-rigid locking solid, which they define as a material possessing 

the particulariv simple shock llugoniot represented in Fig. 72. 

To avoid use of the concept of instantaneous transfer of flyer 

momentum to the target slab, we have changed the equations derived by 

Fowles and Curran. Re now assume that the flyer is not slowed immediately 

by the impact on the target, hut 

that the adjacent elements of the 

target instantaneously accelerate 

to flyer speed. ?e retain the as¬ 

sumption that all the material 

behind the locking wave moves 

with the same velocity. This 

material now includes the flyer 

plate. Momentum is transferred 

to the target through the advance 

of a shock wave, as before. 

Re add to the terniinnlog\ of 

Fowles and Curran by defining two 

new quantities: 

= mass per unit 
area of flyer 

FIG. 72 POSSIBLE EQUATION OF STATE 
OF LOCKING SOLID WITH ELASTIC 
REGION (U) 

1 initial pressure. 

The modified equations are derived almost exactly as the originals: 

u 1 0 M, 
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If />!# > Pt, then there is one ware until tine t - te, and /*,, * Pn- 

We will call this Case I. 

>. • [<*.’ * ¡rr7i '] - >>. ■ 
o < I < «, 

f,, , 3- .I" L • r# - J 

, o < t < te 

P, - 
1 y - V. ' o 1 

° ï t ï 1' 

l.v. 
>1' V (V - 1',) # ' 0 1 

- V0(^c - f.' 

\( P < Pin £ p then * *c “ 0 anJ tw0 waves appear simultaneously 

at the receiving face of the target. This is Case II. 

Again, J 
Û 

uio ' 7" ' 

but 

10 
[> + 

<uio ~ 

- vi 

and 

Mr * 





TÇ - * T* + 'r. - * {t^ T’ ' 2(r.-r!>(r,. V;i]} ) 

r>: - <*'X ‘ 
-y. 

/J* = 7“ <*; " *P + M, 
ri 

There ia also a Case III, i.e. P'Jt < Pt, »hen there ia nerer «ore 

than one «rare, ln thia caae 

'.a - • 

/ 

and 

tt * xt = t* ‘ ví * y¡ * o a|"* P* * P, s P, • ■ 

Qualitatively the prediction made by the aimple theory of foam 

reaponae to one-dimensional shock is unchanged by the modifications out¬ 

lined above, except that the forerunner may now (but not necessarily) 

appear simultaneously with flyer arrival (Case II) and reflections off 

the wall must interact with a metal layer. In general the structures 

expected in the foam are sketched in Fig. 73; abscissae x are distances 

normal to the infinite foam faces measured from the original foam free 

surface, and coordinates ( are times measured from the moment of impact 

of flyer and foam. All waves moving in the same direction along straight 

lines have the same speed.* Since xc / 0, tt J 0, the situation shown 

in the figure is Case I. The interval between waves of rarefaction, 

appearing for t > t*, is arbitrarily chosen and should be as small as 

convenient. When the first rarefaction, traveling from (xj,t*), meets 

the locked-mass at the wall, pressure is relieved slightly at the wall 

* AU •¡••tic coaprtisiontl «ihI r«r«f*ctioii*» front* travel toward tha wall with spaed bat tbe spaed 
of the elastic reflections fron the «all aast be set e«|ael to? 

i',[l - 2(Vf/V#d 

•kick is sli|ktly sasllsr in ••(nituds tksn l't for aost fosasd ■tttritls. 
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FIG. 73 FOAM WAVE STRUCTURES IN (x-t) PLANE (U) 

and th® advance of the locking wave toward the flyer ia flowed; alao, if 

preaaure at the wall and in the locking wave remain® above Pt after the 
relief, en elaatic wave atarla toward the flyer carrying atreaa P#. 

When it reachea point 4, however, preaaure behind it ia only alightly 

above local preaaure aince it haa interacted with a aeriea of rarefactiona 

from the left-hand locked maaa. The influence of the aucceaaive rare¬ 

factiona and the leftgoing elaatic wave upon each other ia found by ad¬ 

dition and aubtraction of atreaa differencea. Later rarefactiona arouae 

a aimilar reaponae at the right-hand locking wave until preaaure in the 

latter falla to Pf and it ceaaea ita advance. Subaequent rarefactiona 

reflect from the right-hand locked maaa aa rarefactiona. 

The following quantitative deacription of the interaction of the 

regular relief wavea and the right-hand locke( maaa ia baaed on the 

deaignation of atatea ahown in Fig. 74. Firat, particle apeed uf in the 

reflected compresaional wave carrying atate é ia computed from: 

<«. - «.)’ • (P. - P.HP. - P.> • (2) 
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FIC. 74 INTERACTION OF REGULAR RAREFACTIONS AND 

RIGHT-HAND LOCKED MASS (U) 

then we compute the new stress P in the locked mess: 

pv-p. 

(u<)! 

- •'l 

In the collision st point D (Fig. 73) pressure Pa ie related to the 

particle speed u by the formula: 

P.-Pa 

(«. - «.)* 

‘'a“»'. 

and u ia a certain arbitrarily chosen amount smaller than u#, particle 

speed in the wave at the elastic limit; but for later similar colli 

the wave bringing state is the result of one or more elastic enci inters 

between two waves, all of which tend to reduce the rightward particle 

speed in state a. The pressure P(k, however, is not reduced by these en¬ 

counters; in fact the decrements of particle speed of the left*hand 

collapsed material will usually be chosen so that successive values of 

Pa brought to right-hsnd locked mass will be equal. Clearly, then, the 

time will come in our calculation when we can find no positive (i.*.» 

rightward) value of u( to satisfy Kq. (2) above. At this point growth of 

the right-hsnd collapsed layer will stop and the pressure difference 

across the right locked-unlocked interface will lisappear. The right-hand 

locked mass will be at pressure Pf and be covered by a growing motionless 

layer of unlocked material at the same pressure. The next relief wave to 

94 



reach the right'hend locked layer will bring a left*going particle veloc¬ 

ity and be reflected fro« the compacted layer aa a left-going rarefaction 

carrying aero particle apeed. The atreaa in the right-hand locked «ana 

will fall accordingly; that is, we aasume that preaaore in compacted foam 

ia relieved without any change in specific volume or particle speed. 

This process of relief of pressure at the wall will continue until 

stress there reaches aero, when further rarefactions lead to tension and 

probably rupture and separation of the foam at the right-hand locked- 

unlocked interface. The momentum in the foam detached from the wall by 

this action is left-going and represents "bounce-off. ” 

We treat the interactions of the reflections at the left-hand locked 

mass, auch as the impact at point /1 in Fig. 73, only approximately 

correctly. A thin, hard layer of high shock impedance on the surface of 

a semi-infinite soft slab will reflect a compressional front fromtheslab 

in the form of an oppositely-going compressional front allowed by a series 

of rarefactions which eventually lower the stress to *ero at the hard-soft 

interface. In other words, the effect of the hard layer when struck by a 

wave of constant stress and infinite duration is to reflect into the soft 

slab a compresaional pulse of a certain length which carries just enough 

momentum to balance the oppositely going momentum in the hard layer. The 

layer, of course, reaches a final speed equal to the speed the free surface 

of the soft material would have attained immediately upon reflection of 

the original wave, if the layer had been absent. The length and magnitude 

of the compressional pulse depends upon the shock impedance (or the re¬ 

verberation speed) in the hard layer contrasted to the impedance in the 

soft layer. We simplify the reaction at point /1 considerably by treating 

the locked material as rigid, that is, we assume it has infinite im¬ 

pedance. If no locking mechanism were present, the pressure jump in the 

reflected front would always equal that in the impacting front. However, 

in our model no stress greater than Pt can be transmitted elastically so 

the interaction at point .1 may provoke renewed growth of the left-hand 

locked mass. Figure 75 is a diagram of the situation. In Alternative I 

the reflected pressure is less than Pt, and the interface between locked 

and unlocked material moves at particle speed which is the same on both sides 

of the boundary. The change in particle speed introduced into the unlocked 

material by the state y is removed by a single wave which carries the 

state ri, i.e., uÉ * u_. = ua * u?. Alternative II presents the possibility 
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Fie. 75 INTERACTION OF A COMPRESSION WAVE At TME LEFT+IANO 
LOCKED MASS (U) 

of a two stage return to original particle speed; here again »« * *« * ttp 

but 

(«„ - %>* * <K - V<% - • 

Inder Alternative ÍÍ the reflected pressure ia not, in Ren*i*i. » 

to P + 2(P - P ) as under Alternative ï, but ratber a y & 

P'-p. 
(»a - “r>* 

t. - 

It the left-han.l locked nass and the flyer plate had not been present at 

the point i, it would bave been reasonable to assuae tbe reflection into 

the nnlocked foaa of a rarefaction juap of strength Py - P„ froa the 

point Á. Such a rarefaction would recuire a change in particle speed 

Au behind it e<jual in aagnitude to the Quantity: 

Au - *{Py’VIVp- K' 
and of such a sign as to increase the material speed leftwards. Instead, 

under Alternative 1 we consider the left-hand locked mass and the flyer 

to have gained during a tiae interval of length T leftward aoaentua of 

amount 
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H 
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c¿«áfaé ¿fr« lètiwâid tpeed tit ¿fré í«H-frálNd lOòkèd M«af bf áH âàotiHi Úi 

aid, ot ètiÛtië, èidHèë ¿fr« fr¿«aa«¿« 1« ¿fr« ¿«h-fr«Ad lo«fr«d i«««^ 

¿fr« ¿«¿«¿««4 t ¿fr« ¿«gMláfr ¿«i¿«¿««¿i«Ma4 «tíMfriMM« ¿« á^«¿ á¿ ¿fr« ifi¿«f¿ 

¿ace and ¿fre left-fránd locked masa coniiniiea ¿ó aldw iia rigfrtwárd notion 
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frf dätifri« j>«imea: 

If t>t> < Pt, ÀitètHati«« 1 «an git« «la« iu only one ha« aituakia«, tfrat 
called ÀitëfrHiUm 1À ia hg. 76. !l««e P(> * and a na» «atafaekian 
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ftC, 7é RELIEF WAVES APPEARING AT THE LEFT-HAND LOCKED MASS 
AFTER REVERBERATION TIME T (If) 

fr«*t eãrritê prtããmrtt P • into the elastically atraiaed Material: 

M n (^1* 

~ ‘ V_, - V_ 

Tiare are three poaaibilities froa Alternative II: (A) regalar rare* 

factieea redace the everpresaare in the left*hand locked nass so that 

Pt‘ * Pp' Í Pp/ “<* * *v' 1 HI) neither regalar rarefactions nor 

the relief at tine T lower stress in the left-hand lechad nasa helo* the 

valae P#; (C) at ti»e f the reverberation relief nave reduces pressure 

in the left'haad locked nass below Pt for the first tine after point A. 

Alternative 1IA is essentially the sane as IA. Alternative UR is pos* 

•ible only if one or nore additional conpressional waves neet the left- 

hand lacked nasa during the interval T, in which case Pt> > Pt, and 

P « - F * # 

(An)» 

For Alternative 11C: 

P - P t> • 
(Au)! 

If under Alternative I a left-going compressional wave intervenes 

during tisse T, en Alternative IB, t.e., P(f * P,, may be possible, which 

of course is essentially the same as Alternative IIB or IIC. 

98 



In nil the foregoinfr formulae, of course, pressures P ore related 

to specific relumes V through as assumed equation of state typified by 

Fig. 72. 

We can uith a little effort aroid the possibility of Alternatire If 

at any one collision, auch as that at point A, by choosing the frequency 

of the regular rarefactions so high that the left'going compressions! 

ware which meets the left-hand locked mass in that collision must cross 

the trajectories of two or more regular relief wares. The pressure jump 

in the left-going compression is, of course, equal to the pressure 

decrement in one rarefaction; hence the compression reflected from the 

left in a case such as that described must be too small to bring the 

stress shore P#. Because as time goes on after t* pressure in the left- 

hand locked mass may accumulate from repeated impacts with comprassional 

reflections, it is not evident that we can always aroid Alternatire II 

altogether. 

If the two locked layers move together until they collide we must 

drop the assumption of rigidity in the collapsed material; we have not 

treated this case (except very approximately in subsection B following). 

B. COMPABISON WITH KXPKRIMKNTS 

In oui flyer plate experiments we have not been able to watch the 

foam target for longer than about 8 to 10 /¿sec after the passage of the 

first wave through it, so we have not compared the predictions of the 

calculation outlined above with the actual behavior of the foam for times 

much greater than t*. In fact in many of our experiments the two locked 

masses meet before t*. We have, therefore, mainly tried to compare ar¬ 

rival times of the various structures at the wall as predicted and as 

observed. In this study it is enough to calculate arrivals at the re¬ 

ceiving surface of the wedge anvil, t.e., at the wall, since passage of 

waves through the anvil to the mirror can not change any time intervals 

between them significantly. 

Since extensive impact data exist only for polyurethane of 

approximate density 40 lb/ft*, we limit our test of the calculations to 

this material for the present. 

Targets in the polyurethane impact experiments were 42 lb/ftS 

material; in the wave speed measurements (Shots <*431 and 0432), 
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39 Ik/ft* foM». Tb«rcfore i» the eolcelotiooal eiievlettott of tk« flyer 
píete experiment« »e «hall ose s fim (A-) «eve speed 
f, * I.6S x IÔ* cm eec“1 ios teed of the 1.^0 * ir* valoe measored. 
loitiel spécifie relume F, is «boot I.4Í cm* g”1 ebeo density is 
42 fb/ft*. inpot momentom, is I,IS * 10* (dyoe-see/cm*) end My» 
flyer mass per nniit ere«, 0.140 g cm *, for the 0.020 inch thick flyer 
end twice those raloes when the 0.040 inch flyer is nsed. We fosad the 
mewn ralee of the first ware strength in the anril to be aboet 1.0 kb. 
The elastic strength Pt in the foam reqoired to prodoce swch a ware 
in the anril is less than this and depends opon the beharior parameters 
of the foam according to the following formols: 

P 

where Pt * obserred stress in anril. Since we do not under shock loading 
obaerre-final specific rolome Fj directly, we gire Fj rarioas ralees, cal¬ 
culate correaponding raloes of Pt abore, snd for each Fj make the compu¬ 
tational simulations of foam beharior to compare with the four 
polyurethane experiments (Shots 9155,9180, 9216, and 9217). 

In all the four shots except 9180 the first (or 4-) ware is sharp; in 
erery one the 0-ware is gradually rising and the £-locus refy sharply 
defined. In the simple theory all fronts are complete discontinuities. 
Therefore we define the time arrival 4-0 between the first and second 
smear record wares in two ways: from the start of A to the start of 0 
and from the start of A to the completion of the rise in 0. ie can then 
nearly match these observations with two separate calculations, the first 
based on F, ■ 1.05 cm* g"1 and the second using F, • 0.90 cm* g-1. 
Calculated trajectories for these two.cases are shown in Figs. 77 and 78. 
These figures contain tracks of the driver-(or £-) wave but because of the 
uncertainty in the difference between flyer and driver arrival times at 
the plane of the original foam surface and in the £* wave speed in the 
foam, such tracks are rough estimates only. In Figs. 77 and 78 the treat¬ 
ment of foam behavior after collision of the two locked layers is also very 
approximate; the poaaibility of rebound or "bounce-off "before driver 
impact is not considered. (This also increases the doubt concerning the 

location of the £-wave arrivals.) 
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Table X 

COMPARISON OF CALCUUTCD AW) OBSERVED TIME INTERVALS 
(|ieec) 

4-8 A-t 

Shot 0155 
Calc. 1 
Calc. 2 
Obaerved 

Shot 0180 
Calc. 1 
Calc. 2 
Obaerved 

Shot 0216 
Calc. 1 

• Calc. 2 
Obaerved 

Shot 0217 
Calc. 1 
Calc. 2 
Obaerved 

1.2 
2.8 

‘ 1.7 to 2.6 

B-wave atopa abort 
B-*ave atopa abort 
B*»ave atopa abort 

2.6 
6.2 

2.6 to 4.0 

2.7 
5.5 

3.0 to 4.0 

8.1 
8.5 
8.0 

8.3 to 8.5 
7.5 to 8.0 

0.5 

0.8 
0.2 
3.6 

8.7 
8.3 
8.65 

Calculation 1 baaed on V. = 1,05 cm g 

Calculation 2 baaed on I'j * 0.00 cm f 

Other parametera: 

tr 1.15 « 104 dyne aec cm‘2 except 

Shot 0216 when ln 1 2.30 * 10* 

Up a 0.140 g cm** except Shot 9216 «hen /ig * 0.280 

1.48 cm3 g*1 

1.0 « 
1.65 « 

104 dyne cm"2 

10S cm aec*1 

Shot 0325 
Calculated 
Obaerved 

Shot 0345 
Calculated 
Obaerved 

0.80 
~0.2 

4.7 
4.8 to 5.7 

5.3 
3.7 

4.2 
3.3 

Calculation baaed on valuea: 

tp = o.ooo 

r 
0.50 

0.624 « 10^ 

P = 0.485 « 10’ 

From Figs. 77 and 78 and from the smear photographs we have taken 

the data for Table X which compares observed and calculated time intervals 

(obaerved intervals are distances along the time axis of the smear record 

between the loci of breaks corresponding to two waves). In Fig. 77 the ob* 

served interval ,4-C during Shot 0155 corresponds to a wave speed in locked 

foam of about 1.5 inm//xsec but the same speed from Fig. 78 appears to be 

near 2.5 mm//xsec. .Since the pressure behind the driver wave must be very 

high, we have used the speed 2.5 mm//xsec to plot E-wave trajectories in 

the figures. 

103 r 



When Kj » 1.05 and 0.90 cm3 g'1, final atrain ia 29 and 39%, respec¬ 

tively. These vaines of Kj suggest that the exploairely-indaced compres- 
ai on nay take appreciable time. 

Shock heating of the foam would tend to prevent collapse to a density 
expected st the same stress reached statically. Our static measurements 

do show a final atrain above 39% at atreaaea much less than the 3 kb 

achieved in the shock, but uncertainty in the calculated simulation of 

shock behavior forbids conclusions concerning the magnitude of shock 

heating. 

The calculations also yield values of stress Pj and particle speed 

u, in the locking (or /?-) wave just before impact with the right-hand 

locked layer in the simulations of Shots 9155, 9217 and 9216. For the 

foam characteristics used in Fig. 78, for the target thicknesa of 

Shot 9155 and for the input momentum lt • 1.15 * 104, theae valuea are 

Pj ■ 1.2 * 10* (dyne-sec/ci ) and u, * 0.21 * 10* cm sec"1. If we con¬ 

sider the shock llugoniot of locked polyurethane to be a straight line 

of slope 

r 2.5 X 10s 

0.90 
• 2.77 X 105 gm cm^sec“1 

then the stress transmitted to the anvil by the main wave in the foam 

should be 7.1 kb or the stress difference between A - and ft-waves in the 

anvil should be 6.1 kb. We observe a wave of about half this strength 

(Table IV). 

Similar computations for Shots 9217 and 9216 predict stress jumps 

in the ft-wave in the anvil of 3.3 and 5.1 kb, respectively. Again meas¬ 

ured values are smaller, t.e., 1.0 and 3.0 kb, reapectively (Table IV). 

W’e have no meaaurements of elastic speed in silicia foam comparable 

to those made in the 39 lb/ft3 polyurethane by the optical lever. Infer¬ 

ences of this speed based on sound velocity and on the compression curve 

are at sharp variance with each other (Fig. 70). If we choose sound speed, 

t.e., let V' * 1.35 X 10s cm/sec and take anvil stress of the elastic wave 

P( * 0.65 kb (Fig. 53), we can get fair agreement between the prediction 

and observation (Shota 9325 and 9315) of the A-ß wave interval when 

Kj « 0.50 cmVg, i.e., if we assume ibout 15¾ final strain (Fig. 41). 
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Thiit it «ore uHintte ttrtin than teeot likely fro* Fig* 70 tltkevgk ike 

vtlne of P, porfetpondiBg to tkete choices (0900 pti) it roitoutklo. 

However, predicted A-E intervtlt are to far in error we ore led to tty 

the elastic speed based on the slope of compression carve (Fig. 70), 

0.624 x 10* cm/sec; this choice is more successfwl as can be seen in 

FiR. 79, a plot of the predicted trajectories for the case 

ï' • 0.624 * 10* c»/sec and 1', » 0.50 cmVg, andin Table X. Figure 80 is 

the prediction for the case lt ■ 1.35 * 10* cm/sec for compariaon. 

The simple theory based on Fj ■ 0.50 cmVg and 1'f * 0.624 x10* cm/aec 

requires a shock wave speed in locked silica foam of about 1.0 x 10* cm/aec 

to predict the observed value of B-wave strength in the anvil during 

Shot 0345. 

The electronic measurements read from the raster oscilloscope seem 

to make little contribution to our understanding of wave speeds in foam. 

As pointed out earlier theydo, however, confirm the value of flyer speed 

measured optically. 

For Shots Q325 and 9345, both in 1.1 g/cm* silica foam, transit times 

of the disturbances which activated the two switches on opposite foam faces 

were 2.10 and 2.98 ¿xsec, respectively; average speeds were then 1.73 and 

1.54 mm/Msec, respectively. The actual F-wave appeared much too soon for 

these switch closures to be due to any of the wave motions we have discussed. 
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VII APPUGATIOn OF UK PKTHOO OF 4RÎIFICIAL VISCWITT 

Von Neumann0and Richtnyer® hnre given a numerical method for closely 
approximating flow in and through shock waves and avoiding discontinuities. 
They write the Lagrangian hydrodynamic equations in difference form and add 

to the pressure a pseudo-viscous term 

du 
0 if r- > 0 

3* _ 

where I is an adjustable constant; V is specific volume; u(x,t), particle 
speed; and * and t the Lagrangian spatial and time coordinates, respectively. 
Quantity q ia insignificant over most of the flow region but has the effect 
of producing a gradual instead of discontinuous change of the flow param¬ 
eters through regions where shocks would be expected to appear. 

We have adapted this technique to the collision of two flat plates by 
choosing the proper boundary and initial conditions and also provided for 
an immovable wall to simulate the anvil. The equation of state we use 
for polyurethane foam is a pressure-volume relation of the form discussed 
earlier (cf. Fig. 72) except the locked material is no longer considered 
to be rigid but to obey an equation of state of the form: 

P - 
[b(V - F|) + V¡]2 

and V|, a and b are constants. V\ is slightly larger than Vj and repre¬ 
sents the specific volume of the locked material when relieved to tero 

stress. 
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Till GOmXXISlOnS AV M0BMHDIMT1W 

Although more study is needed to confirm our conclusion for srfci- 

trsry exemples of fosm lending, we believe thst the simple theory with 

the ststic compression curve will probshly be ca'dble of brosdly clsssi- 

fying fosms on the bssis of countermeasure effectiveness. It is quite 

clearly not able to predict accurately msximum pressures or impulses in 

the face of change of wave shape or attenuation of the elastic wave, 

which seem to be common phenomena in thick samples, and in any case its 

use for accurate prediction is complicated by the ambiguities of choosing 

the elastic limit and the locked density. 

The simple theory may, however, help our understanding of foam 

behavior. For example, we can by calculation match the observed wave in¬ 

tervals in 40 Ib/ft* polyurethane by adjusting the value of final specific 

volume, F,, over a small range. Perhaps this adjustment has a real 

counterpart within the shock wave. The seeming failure of the theory to 

foretell the main wave strength may be misleading since the equation of 

state of the locked foam is not known. For example, we could interpret 

the A-C interval of Shot ^155 to imply a shock speed in compacted material 

of 1.5 mm/^sec, (instead of 2.5 mm//isec) which would lead to a second 

shock strength of nearly the observed value. 

We believe that the value of elastic speed to be used in an accurate 

calculations! simulation can come only from separate measurements during 

actual shock loading. Acoustic speed or the velocity deduced from static 

compression may be a good first estimate, but neither is necessarily the 

same as the speed of the forerunner stimulated by impact. If forced to 

choose one or the other though, we would at the present use the deduced 

quantity. Our attempt to measure this speed with electronic devices has 

not succeeded; optical methods should be more successful because arrival 

times and strengths can be observed simultaneously and the identity of 

the wave producing the signal made certain. 

Static compression of foams provides reliable limits between which 

the forerunning wave strength will be found. We saw good evidence of 

decay of this strength in one experiment (Shot 9432) when the distance 

in 



tr»«}}«<* if il« Á-*h?r .n 39 ïb/1t* poïy*tét\**t t&M #«« ttWtfMrüIfy 

ïo*t (g*éitêt tiw* on ' tftolK Tl* ********* «I ** *ï**i*e »peéé I*#** 

tl«* >***df «poetf /wr tlî* **t*ri*ï w*rt* Í* ^¿dl« « *i^íw Mthàtitm 

té* *tt**v*tid* «I tl* îotététét*, Jké*é*é*. 

tiéét êttmi* re**led tirfrwgl * *fc«*k «wy **t I* «* gie*t «* tkwi 
acüévetf éldwly dteti*g Êô*^ï*i*iô* t**É*. Tl* *ig*«**t* ffft tli» ***- 

ctéêiéé (yr****té<f ««iirly i* rSf,. TT and T#> «t* **t í*ei»i** g«ilf 

bec*«** *f v«e«tt*i*ti*s i* tl* ♦*!*** *# **g*ti*e*t*l yarmetett (*«el 
a* / , Pt, tué Ÿt), bat «ainly because they ****** ««del lea* lela*ior 

whicl las **t b«é* co*fifined. Heveser, tie fact «f intcfeasiag tise-ti«« 

eitl increasing distance trateií*d is #e!I establisled for tie 4-lr**t 

and gr«bably f«r tie Ä-distarbance as «eil. Certainly tie ti«« needed 

to collapse the cells, neglected completely by tie sinrple theory* is a 

»ery important element of any detailed description of shocks in foam. 

Of tie distended materials tested, 40 Ib/ft* polyntetlnne can redace 

the preasare delitered to an enclosed structure by an impulse in the 

neighborhood of 104 dyne-aec/cm1 to 1 kb #ith the least «eight (about 

0.5 g/cm*) of added material. T*ice this «eight in silica may reduce 

peak transmitted pressure to 0.6 kb. 

Hehatior of the 0.75 g/cm* open cell aluminum foam ia strange but 

the material is promising as a countermeasure and merit* further study. 

If observation time in the anvil mirror «ere doubled, present experi« 

mental techniques *ould probably be adequate for such further study of 

slock loading of foams, although the lack of flyer planarity is a serious 

hindrance to increased accuracy. More effective use could probably be 

made of the simple tto-dimensional method (as illustrated in Fig. 4) for 

rapid exploration of foam properties than has been luring the present 

effort. When all «ave speeds in the foam are much less than explosive 

detonation speeds, *e can «ith this method easily find 4*«ave strength 

and «ith a series of such experiments find the minimum foam thickness 

needed to suppress the ß-«ave. 

« 
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ASD, Wright-Patterson AFB, Ohio 45 433 

(ASNXRR) 

(ASRMDS-1) , ATTN: Mr. Janik 

(ASRCMC, Capt Wilson) 

RTD (RTN-W, MajMunyon), Bolling AFB, Wash 25. DC 

BSD (BSR), Norton AFB, Calif 

SSD (SSTR), AF Unit Post Office, Los Angeles 45, Calif 

RADC (Document Library), Griffiss AFB, NY 13442 

KIRTLAND AFB ORGANIZATIONS 

AFSWC (SWEH), Kirtland AFB, NM 87117 

AFWL, Kirtland AFB, NM 87117 

(WLRS) 

(WLA) 

(WLAV) 
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OTHER AIR FORCE AGENCIES 

Director, USAF Project RAND, via: Air Force Liaieon Office, 
The RAND Corporation, 1700 Main Street, Santa Monica, Calif 

(RAND Library) 

(Dr. Olen Nance) 

(Mr. Jack Whitener) 

ARMY ACTIVITIES 

US Army Materiel Command, Harry Diamond Laboratorlea, 
(ORDTL 06. 33, Technical Library), Waeh 25, DC 

Commandant, US Army Ordnance School, ATTN: Dr. Coy 
Claes, Aberdeen Proving Ground, Md 

Commanding Officer, Plcatinny Arsenal, Samuel Feltman 
Ammunition Laboratories, Dover, NJ 

(SMVPA-VA6) 

(Mr. Murray Wienstien) 

Director, Army Research Office, Arlington Hall Sts, 
Arlington, Va 

Director, US Army Engineer Research !i Development 
Laboratories, ATTN: Tech Documents Center, Ft Belvolr, Va 

NAVY ACTIVITIES 

Chief of Naval Research, Department of the Navy, Wash 25, DC 

Commander, Naval Ordnance Laboratory, ATTN: Dr, Rudlin, 
White Oak, Silver Spring, Md 

Director, Special Projects, Department of the Navy, Wash 25, DC 

Office of Naval Research, Wash 25, DC 

OTHER DOD ACTIVITIES 

Chief, Defense Atomic Support Agency, ATTN: Lt Col Singer, 
Wash 25, DC 
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Th» Fantagon« Waah 25, DC 
Director, Advanced Research Projects Agency, Department of 
Defense, The Pentagon, Wash 25. DC 

Office, Director of Defense Research li Engineering, The 
Pentagon, Wash 25, DC 
Hq Defense Documentation Center for Scientific and Technical 
Information <DDC), Cameron Sta, Alexandria, Va 22314 

AEC ACTIVITIES 

Sandia Corporation (Info Distribution Div). Sandia Base, NM 
87115 
Sandia Corporation (Technical Library), P. O. Box 969, 
Livermore, Calif 
University of California Lawrence Radiation Laboratory 
(Tech Info Div), P.O. Box 808, Livermore, Calif 

Director, Los Alamos Scientific Laboratory (Helen Redman, 
Report Library), P.O. Box 1663, Los Namos, NM 87554 

Brookhaven National Laboratory, Upton, Long Island, NY 
Argonne National Laboratory (Tech Library), Argonne, III 60440 

Oak Ridge National Laboratory (Tech Library), Oak Ridge, Tenn 

OTHER 

OTS, Department of Commerce, Wash 25, DC 

Institute for Defense Analysis, Room 2B257, The Pentagon, 
Wash 25, DC 
THRU: ARPA 
Battelle Memorial Institute, 505 King Avenue. Columbus, Ohio 

University of Michigan, Institute of Science and Technology, 
ATTN: BAMIRAC Library, P.O. Box 618, Ann Arbor, Mich 

General Electric Company - MSD, ATTN: Dr. F. A. Lucy, 
Rm M9505, P.O. Box 8555, Philadelphia!, Pa • 
Aerospace Corporation, P.O. Box 95085, Los Angeles 45, Calif 

(Dr. Domenic Bitondo) 

(Dr. George Welch) 

(Dr. Robert Cooper) 

(Mr. H. C. Sullivan) 
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Philco Corporation, Acronlâtronit Division, ATTN: Dr. R. G. 
Allan, Ford Road, Newport Beach, Calif 

E. H. Plesset Associates. Inc,, ATTN: Dr. Harris Mayer, 
Union Bank Bldg.. 244 ' WilsMre Blvd., Santa Monica, Calif 

Stanford Research Institute, Menlo Park, Calif 

(ATTN: Dr. Duvall) 

(ATTN: Dr. Fowles) 

Space Technology Labs, ATTN: Dr. Herman Lear and Mr. 
Jackson Maxey, P.O. Box 95001, Los Angeles 45, CaUf 

General Electric Company, Re-entry Systems Department, 
ATTN: A. Clark, 3198 Chestnut Street. Philadelphia 1. Pa 

' 

Lockheed Missile and Space Company, ATTN: Department 
81-92, W. Rous, Sunnyvale, Calif 

National Carbon Company, Division of Union Carbide, ATTN: 
Mr. D. C. Hiler, P.O. Box 500, Lawrencebury, Tenn 
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