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EFFECTS OF PARAMETRIC VARIATIONS OF COMI’LEX
TARGETS ON DAMAGE FROM PROJECTILE IMPACT

ROBERT W. MEIER

Technical Engineering Support Group, Los Alamos Nationai Laboratory
P.O. Box 1663, Los Alamos, New Mexico 876515

ABSTRACT

The cffects of a hypervelocity projectile striking complex targets have been investigated. The
targets consisted of metunllic and low-density shock attenuating luyers and void regions. The
major featurcs of the targels were systematically varied to correlate changes in the Largets with
the projectile’s efTectiveness in damaging the targets. Two-dimensional numerical simulations
were done with the Euierian computational fluid dynamics program PINON. Projectile
cfTectiveness against the various targets was 1neasuied by determining the maximum pressure,
pressure integral, P2t value, ond hole sizo at soveral locations in the targets,

INTRODUCTION

Projectile internctions with complex targets are of interest in many different ficlds. The eflects of
various components of a target in influencing the behavior of an impncling projectile are not fully
understood. The penctration of & projectile into a complex target is influonced by each of the
muterinl layers and void regions it encounters. Numerical simulation has been used to it crease
the understanding of projictile and target interactions (Johnson and Anderson 1987) and to
investigate the efTects of various projectiles on a complex target (Meier 1987). In this study the
elTects of o projectile striking different complex targots at a fixed velocity wero investigated. To
correlate the changes in tl.e targets with the projectile’s effectivennss in damaging the targets,
severnl major features of complex targets were systematically varied.

The turgets consisted of layers of silica phenolic and aluminum behind which was a void region.
Behind the void region was a multilayered region of polyurethane fonm (1.26 g/em3) between two
layers of aluminum. The target structuros and the projectile that struck them are shown in
Fig. 1. In this figure the projoctile motion is from left to right. The projoctile was a tungston
sphere with a mass of 10 g. It struck the ailica phenolic Inyer at | cm/us. The projectile material,
mnss, ond velocity were chosen to produce significont target damage across the spectrum of
targets used in the study, The projectile impact conditions woere held constant so that the effects
of targey purnmeters could be inolnted.

The thicknesses of two of the nluminum Inyers shown in Fig. | were held constant, while the
thicknessen of the silica phenolic, adjoining alvminum, and po'yurothane foumn lnyers and the
extent of the vard regron were syatemati nlly varied. 8y systemantically vorying individunl target
charnctenstics while holding constant the other target paranmeters nnd the projectile impacet
eonditiony, 1t wan possible to determing the projectile’s effectiveness in penetrating nnd
dammpnng the thepget with ench varintion in the taeget. Conversely, thin procedure permitted
determination of the effectiveness of ench of the targget charncteristios in minimizing the damnge
and penetrantion cansed Ly the projectile,

The varmtion range ol the intermedinte or nominal values of the target charactenatics are
shown an Table 1 The nominal value of each tirget chiurncteristic winn used, exeept for the lnyer
th ot wis beangt vared for that particulne eane. Ench target charncieristic was varied from ity
mummum to 1tsomaxnnvm value and compared with the results achieved for ite nominnl volue.

METHODOLOGY

Fhe impart dhvnaomics were stnmiated with the PINON computationnl Qund dynsonue, prognam
PEMOR e o ate of Hw art progrmm thit vees Fulernan Iunh dillerenee nlp-nnllmm unh n h||vh
oreder ebvection o heme It nleo smolove o doee obae b oo ..
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Fig. 1. Structure of targets simulated.

Table 1. Variation range of target characteristics

Minlmum Nominal Maximum
Layer —f(cm) —{cm) —fcm)
Silica phenolic 1.0 25 3.0
Aluminum 0.2 1.0 2.0
Void 1.0 10.0 18.0
Polyurethnne Foam 0.0 25 5.0

includes material strength (Youngs 1982). The only material strength included in the coinputa-
tions in this study was a simple strength model provided by negative prassures in the equations
of state.

The targets consisted of a scrins of discs 30 cm in diameter and of one void region. The diameter
was large enough to climinate edge efTects and to allow sufficient distance for the debris clouds to
expand in the transverse direction. Tho computations were done ia two-dimensional cylindrical
gcometry because there was no variation in the angular direction.

SESAME (Holinn 1984, Boottger 1989) equations of state were used for all materinls. The
SESAME equation-of-atate library is a standard, computer-based library tha! contnins tables of
therimodynamic propertics for n wide range of materials over a wide range of physical regions
SESAME is one of the most accurate collections of equations of state uvailnble,

The following SESAME equation-of-state numbers were used: No. 3644 for the tungsten pro-
jectile, No. 76R0 for the silic:: phenolic Inyer, Na. 3717 for the aluminum lnyers, and No. 7661 for
the polyurethnne fonm lInyer. Tha equations-of-state for tungsten and nluminum are

nanequilibrivem types, white those foe ailien rhenolic and poalyurethane foam wre equilibrium
cquatins of w!nie.

Annvestigation of the oflect of finite differonce cell gize on solution nceurncy showed that
siphicant numencal errors were present in the solution when o 0.2 em node spacing was used
When a 005 emnode spacings was uned, the computing time beenme excensive

Uhntorm nade gpaciyg of 0.1 e wan used to compute all resuits quoted i this paper. This
compuotational coll mze provided at loast 10 colls nerors the wiath of all of the tergeet Biyers except
the alumimum Laver that adjoins the sihen phenolie layer at ste minimum thickn sa, Seenune (he
projectle divmeter was 1 em, there were 1) computativnnl cells ncross ats divmeter. aneh oot
i Ustimulntion teoieatly vooniend snvoaeal buso of oo o s gL W A s



so this node spacing was near the practical limit o fineness and produced good accuracy in
computed pressures and Larget deformation.

Projectile efTectiveness against the various targels was measured by calculating the instuntane-
ous pressures, the time integrated pressure, and the P2t value aleng the centerline at the fronts
of cach of the aluminum layers (referred to as Location ! and Location 2) in Section 2.° These
vilues were measured on the projectile's line-of-travel (centerline of the axisymmetric geometry)
because the greatest pressures were produced along this line, The pressure integrals and 2y
values were calculated from the instantaneous prassure plots as functions of time. The intagral
of the pressure over time is a measure of the impuise per unit area. The 1’2y vialues were defined
as the maximum pressures squared times the pulse widths at half the maximum pressure.

The 2t value is one criterior used to determine the threshold of shock initiation of explosives.
The "2t criterion (Walker 1976) is based on the critical energy criterion (Walker & Wasley, 196%).
A sufTiciently high prescure is required for a sufficiently long period of time to achieve
detonation. The 1’21 value combines both of these characteristics into a quantifiable measure.
Target damage was also assessed by measuring the size of the hole produced in the silica
phenolic and aluminum layers in front of the void region.

RESULTS
T +{ with Nominal Thick L

Figure 2 shows a graphic of the target, with all the layers at their nominal thicknesses, 100 us
alter being struck by the projectile. This density-weighted plot of the Larget primarily shows the
deformation of the target lnyers, but it also shows some of the shock waves in the target. Afler
100 us the target was still deforming, but the hole growth rate in Section 1 was very small.
Therefore, the state of Section 1 of the target after 100 us was a pood approximation of the final
damage caused by the projectile impnct. In this cnse the projectile produced a hole in Section 1
that was 12 cm in diameter.

‘Typical pressures caleulated at Locations 1 and 2 are shown in Figs. 3 and 4, respectively.
Typically the pressure at Location 1 was much higher and more volatile than that at lLocation 2.
This behavior was caused by the debris produced in the void region and the attenuating material
between the two locations,

'
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Fig.5. Deformation of the minimum silica phenolic target.

The maximum pressure PPp oceurred 20 ps afler projectile impact. The niaximum pressure 1’
occwrred after 27 ps. The delay in Liming was caused by the Lime required for the shock wave Lo
travel through the aluminum and polyurcithane foam layers of Section 2. The maximum Py was
0.73 Mbane and the maximum Py was 0.032 Mbar, The large difTerence was caused by the atlenu-
ation of the shock wave Ly the polyurethane foam. The pressure intepral value caleulated for this
turpet al Location 1 was 0,86 Mbareus and the P2t value at Location 2 was 1.8 x 103 Mbar<es,

Tar: twith Mirimur Silica I’henolic Thicknes

The first target characteristic investigated in the study was the silica phenolic layer, The results
of the computation for the projectile impact with the target that had the minimum thickness of
sihica phenolie (1.0 em) are shown in Fig. 5. Figure 5 shows the material deformation of the
turgret after 100 ps, when the rates of deformation of Section | were small. The projectile pro-
auced a hole 9 cmoin diameter in this section of the target. In marked contrast, the crater in
Section 2 was sll growing, The spike in the crater's center was low in density and did not
prrsist to Later times.

The Py oreached o maximum of 1.3 Mbar nfter 15 s, and the Py reached 1 maximum of
N 077 Mbar after 21 ps. The pressure integral at Location 1 was 1.2 Mbarsus and the I*?c volue
at Location 2 was 9.6 x 103 Mbar2eps, The maximum pressures, pressure integral, nnd P2y
value wore sigmificantly increased from those for the nominal targret. The time required to
develop masimum pressures was reduced in comparison with that of the nominal tarpet,

Tareet with Maximum Sitica Phepelic Thickness

Fiture 6 shows the results obtiuned for the projectle impact with the tigel that had the maxa-
mum stheis phenohe thickness GLO en). Deformation of the tarpret 100 ps after impact by the
projwecule s shown i Pz 6. The resultant hole in Section 1V was 12 ¢moan dinmeter. The defor
tection ol the back ot tne Garpret on the conterhine is simibie to that for the nomainal Garet By 20
and e than that for the nanimam sithea phenolie thickness taepet ¢y 50 The Pyoeached o
neavimum of 040 Mbao after 22 g and the Py oreached aomasimeam of 0 084 Mbare alter 332 0
[ e e mooani oeeavred at Bnter tunes than tor the nomimal toget The prescane itegpeal
e b Bocaton s ealoulated to be 0 a6 Mbao e s and thie Porovalue at Location 2w
R FREREAN | P T
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Fig.6. Deformation of the maximum silica phenolic targot.

The next target charaeteristic to be varied was the aluminum layer adjoining the silica phenolic.

AL 100 ps after projectile impact with the target that had the minimum nluminum thickness (0.2
e, the target was deformed, as shown in Fig. 7. The dinmeter of the hole produced by projectile
perforation of Section 1 was 10 cm.

The maximum pressure of 1.0 Mbar ot Location 1 occurred after 17 ys. The pressure integral
value ealeulated st this location was 0.93 Mbareps. The maximum pressure of 0.062 Mbar at
Location 2 was found to ercur after 23 ys. From the pressure-vs-time curve a P2t value of
7.5 x 10 3 Mbar2-us was determined. The peak pressure at Location 1 occurred slightly sooner
and was slightly higher than that for the nominal target. The maximum pressure at lLocation 2
also aceurred sooner than that for the nominal target and the pressure was also higher.

When the aluminum lnyer adjoining the silicn phenolic wos set to its maximum value of 2.0 em,
the results shown in Fig. 8 were obtained. Figure 8 shows the target deformation after 100 ps.
Al this time, the Section 1 hole dinmeter was 12 . Target deformation was considernbly less
than that for the minimum aluminum target (I, 7).

The maximum pressure at Loeation 1 wa. found to be 0.33 Mbar 27 ps after projectile impnet,
The corresponding proseure integral value was calculated to be 0,28 Mbar-ps, The pressure nt
Location 2 renched a maximum of 0.013 Mbar after 37 pe. The 1"t value ot this location was
0103 Mbart s

Target with Minimum Yoid Extent

Fhe thind target charactenstic investygted was the extent of the void region hotwoeen Sections |
and 2 The results abimned when the void repion was at its smallest ¢ 0 em) are shown m
Foro Tn Fayr 900he tarpet deformation s shown alter 100 ps. The hole diametor in Section |
1 Pam

Phe e veat Locatnm Voreschedd oo maxaimum of 0 68 Mo alter only ¥ The presaare
intonal valne was 1 Mo AV 12 s after progeetile nmpact, the pressare ot Locaton 3
voachedat s masimum of 0079 Mbag The P2y value o s pomt was calealated (o be 51 x 1o 4
\H TR,
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Fig. 7. Deformation of the minimum aluminum target.
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Fig. 8. Deformation of the maximum aluminum toarget,

The maximum preaane ' Lacation | was appeoxannte’y the same ns that for the nomimal target
butat oceurred much somer, “The maximum pressure at Location 2 also occurred much sooner

than that tor the nonunal taeet, bat its value was sipnificantly largrer than that for the nominnl
toaegne

Favvget with Maximum vVoid Extent
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Fig. 10. Deformntion of the maximum void target.

Tavret deformation was much Yess than that for the munimum void tarpget (. 9), The projectile
ad Seetion 1 debrs were spread much more in the transverse direetion in the maximum void
tagret as compaered with those in the minimum void or nominal targrets,

Lireetwith Minimwn Polyurethane Foiun Thickness

ol tenret chonacten e to be vaned wa the thacknes s of the polvarethane Toam lavie

o the twa Besed Tavers of alummm an the back wection of the tarpget. The mommuam

o obthr ases wa paacthats o there waon polcarethane toam o th e Section
o tneteon g ted ol GO ol alumarm, wath ands Tomesenarating: Locations Tand 2o the
ot e The tarpet deformanion 1oy abter projectile pepaet e 2hown o Fage 110 The
Parec b ot the hede i Section [wa s 1o
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Fig. 11. Deformation o” the minimum polyurethane foam target.
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Fig. 12, Deformation of the maximum polyurethane foam target,

The maxmmum pressure at Location 1 was 0.73 Mbar, m.d it ocenrced after 20 ps, while that at
Location 2 was 0,079 Mbar and occurred after 25 ps. The pressure intepreal ot Loeation 1 was
56 Mbarsps and the P2ovalue af Location 2 was 4.9 x 103 MbarZeus, ‘I'ne maximum prossures

ate b doser ipether i time than they are for the other tavpets boeaa o ol the abeenee of any
tterye nnge foam Lvven

Farget with Masimum Pelywrethane Foam Thickness
he et polviarethane foam thackness concadered i the ve-npanion wa O o The

veoalt o b tarpet coe hownan By 12, where the tirpeet deformation 100 0 alter progpecnle
et hown Atthe time the hole diameter in Sechion bwa e am



The pressure at Location 1 reached a maximum of 0.73 Mbar after 20 ps. The pressure integral
value was 0.56 Mbar-us. The pressure at Location 2 reached a maximum of 0.012 Mbar at 37 ps
afler pryjectile impact. The resultant P2t value was found to be 0.29 x 10-3 Mbar2.us. The pres-
sure at Location 2 was much lower and arrivad 1nuch later thar that at Location 1, because of
the large amount of polyurethane foam (with low shock speed) between the layers.

SUMMARY AND CONCLUSIONS

The hole sizes produced in Section 1 of the target by the projectiiz impact ari given in Table 2 for
the four cases in which the target characteristic affected the hole size. The void region and the
polyurethane foam layer were found, as expected, to have 1.0 eflect on the Section 1 hole size.
These hole sizes were the same as for the nominal target. The hole sizes listed can be compared
with the 12-cm hole size produced in the nominal target. The hole size increased as the silica
phenolic or aluminum layers were increased and was relatively independent of the type of
matenal used.

These results are in good agreement with holes produced experiinentally in shields (Gehring
1970). In both studies the hole size was found to be fairly independent of shield material and to
increase with shield thickness. The hole diameters in Table 2 are within 1 ¢cm of the expen-
mental results reported by Gehring. The trend of the results is also in agreement with numerical
analyses of thin-layered targets (Oyer 1986). As the targets become thinnzr, the hole sizes pro-
duced by the projectile decrease and approach the diameter of the projectiie for very thin targets.

Table 2. Hole diameter in section 1 (cm)

Target *

Component Minimum Nomipal Maximum
Silica phenolic 9 12 12
Aluminum 10 12 12

Comparison of Figs. 5 through 8 shows that the spread of projectile and Section 1 debris in-
creased as the silica phenolic or aluminum layers were increased in thickness. These results are
also in agreement with experimental results (Gehring 1970).

The maximum  -essures at Location 1 of the target are summarized in Table 3 for eli four target
characteristics considered. These values can be compared with the maximum pressure of
0.73 Mbar found at this location in the nominal target. In all cases except one, the maximum
pressure at Location 1 was substantially less for the maximum thickness than it was for the
minimum thickness target. The exception was observed for the polyurethane foam layer, where
the maximum pressures were equal for mir.imum and maximum layer thicknesses. This result
is reasonable because the polyurethane foam laye. was hechind Location 1, and changes in this
laver would not affect the pr-.sures ahead of it.

Table 3. Maximum pressure at location 1 (Mbar)

Target — Component Thickness
Minimum  Nominal Maximum
Silica phenolic 1.3 0.73 0.30
Alumirim 1.0 0.73 0.33
Void 0.68 0.73 0.0
Polyurethane 0.73 0.73 0.73

The armval times of the maximum pressures at Location 2 are shown in Table 4 for nll four
tarpet characteristics eoasidered, “T'he time of occurrence »f this pressure for the nominal thrget
wis 27 us 0 The time U, nchieve maximum pressure in the nominal tarpet was intermediate to
that for the nummum und maximum layer thicknesses in all cases. Greater thicknesses of the
Girpet component were found to delay development of the maximum pressure in all cases. Van
atiansan the vord extent were found to have the preatest effoct on the armvin time of the max
mum pressure at Location 2 because of the time vequired for the debrees from the projectile, sihien
phenohe, and aluminum to te: verse the void rejnon,



Table 4. Time to develop maximum pressure at location 2 (ys)

Target ‘hi

Minimum Nominal Maximum
Silica phenolic 21 7 32
Aluminum 23 27 37
Void 12 27 41
Polyurethane 25 27 37

The time integrated pressures at Location 1 are summarized in Table 5 for all of the target
characteristics that werc varied in the study. The values for the maximum layer thickness were
less than those for the mininum layer thickness for all target charactevistics except polyure-
thane foam. Since the polyurethane foam layer is bchind Location 1, variations in this layer
were not expected to change the pressure integral conditions from that for the nominal target.
The pressure intejiral value for the nominal target was 0.56 Mbareus. This value was inter-
mcdiate to the val :es for the minimum and maximum thicknesses of aluminum and void regions.
The pressure int gral value obtained for the maximum silica phenolic target was the same as
that for the nomi..al target.

Table 5. | Pdt ut location 1 (Mbar.us)

Target —Componecat ™ ickness
Component Mioimum Nomu.l Maximum
Silica phenolic 1.2 0.56 0.56
Aluminum 0.93 0.56 0.28
Void 1.3 0.56 0.32
Polyurethane 0.56 0.56 0.56

The lower values cf pressure and pressure integral for greater thicknesses of eilica phenolic nnd
aluminum were caused by increcased erosion of the projectile and incrensed dispersion of the
debris irom the perforation of Section 1. The lower values for greater void extent wero caused by
incrensed t.ansverse dispersion of the projectile and Section 1 debris, becausn it had a longer
time to disperse before striking Section 2 of the tarpet.

The P?cvvalues ut Location 2 are summarized in Table 6 for the four varied target charactleristics.

The P2t value found at this location for the nominnl target was 1.8 x 103 Mbar2+ps. In all cascs

the ¢ values for the maximum thicknesses were less than those for the minitmum thicknesses,
and the F2t value for the nominal target was intermediate Lo the values for the extremes. This
trend agrees with the expecled trend. As the thicknesses of the silicn phenolic and aluminum
layers ure incrensed to the point at which the projectile will no longer perforato these layers, the
P2 value must go o zero. Similnrly, as the void extent is increased, the debris cloud becomes
mure diffuse, ond the centerline pressure on Section 2 decreases, Also, ns the polyurothane fonm
thickness increnses, the shock becomes more attenuated, and the "2y volue approaches zero,

Table 6. P2t at loention 2 (107 Mbard.s)

Taryget _ Component Thichnesy
Coemponent Minimum Nominal  Moximum
Silicn phenohe 96 1.4 08RG
Aluminum 7.5 I K 0.4
Vol e 1.4 10
I'olvurethane 49 | ¥ (i

The P values at Location 2 e plotted i IFye B as funchons of Tayer thaeknesses o nll ol the
Lanet charaetensthes that were vared, The pereentage rate of decrease of P2 ovalue v peeater
for Loper Laver Hneknesses Tor adl of the tarpet chinacternsties exeept the vod repaon For the
voul vepnon, the pereentage rate of chiange of PP value s approxnately conntant
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Fig. 13. P2t value at Location 2 as a function of Iayer thicknesses.

An aluminum layer of the same thicknoss as silica phenolic produced a lower P2t value. This
relationship was cuused by the higher density of aluminum. An equal thickness of silica phenolic
hus o lower areal mass, which is the product of materinl denaity and lnyer thickness, than
nluminum and erodes thz projectile loss as it perforates the Section 1 lnyers. The consequence
was u higher pressure produced in Section 2 of a targot with a given thickness of silica phenolic
u8 compared with o targel with an equal thickness of aluminum. However, on a per unit mass
hasis, increasing the silica phenolic thickness is slightly more effective in reducing the P value
than is aluminum.

Chnnges in polyurethane foum thickness produced a relatively smaller change in P2 values as
compared with changes in the silicn phenolic and aluminum layers The P2t value approached
4.9 x 109 Mbar2.;s a8 the polyurethane fosm tlickness went to zero. For largoer values of
polyurethnne foam thickness, however, the rate of change of P21 value approached that for silica
phenolic nnd aluminum,

The results shown in Fig. i3 can be used to dotermine the P2t value oxpected for n target, othor
than thore previously nnulyzed, by assuming that each of the target components ‘ndependently
uffects the P2y value. Figure 13 was used to prodict a P2y value of 6.8 x 10-3 Mbar2eys for n
target with 2,0 em of silica phenolic, 0.6 cm of aluminim, a 6.0-cm void, nnd 4.0 cin polyurethane
foam. A PINON cumputation of thin case resulted in a "2t value of 6.9 x 10-3 Mbar2 s, which is
in very pood ngreement with the predicted value. In this way, the P2t value for n mmyrind of
complex targoeis enn be enlealnted without detniled nuni, i =al simulations of ench target,
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