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ABSTRACT

HYPERVELOCITY JET INTERACTION WITH LIGHTWEIGHT FLYER
PLATES

Deniz, Tansel
Ph.D, Department of Mechanical Engineering
Supervisor: Prof. Dr. Metin A k k © Kk
CoSupervisor: Pr ofm Dr . R. Or han

January022, 129 pages

Explosive Reactive Armor (ERA) is an efficient way of defeating threats with shaped
charge warheads. It comprises an explokyer between twesteelplates. Inthetypical
arrangementassettes are placedobliquity to the flight path of thget. Shaped charge

jet detonateghe explosive layeand flyer plates are accelerat@dopposite directions.
Themechanism of thelatesis to deflect or disrupt the jet. On the other handpthees

may damagéhestructure of the veble. Moreovey theplates flyingin theouter direction

may possess threat to nearby personnel or vehiclesovercomethis shortcomingit is

plausible tgproposecassettewith brittle orlow-densitymaterials

This thesis aim#o investigate the pential of ceramics and glass as flyer plate materials.
First, theballistic protection performance sfeelsteel cassettes with varying plated
explosive layer thickness examinedThen, for a given areal density, the front and back
plates ofthe casettearechanged selectively with alternative materialsd the ballistic
performance is tested. The materials that reveal the best performance as front and back
plates are selected. Finaltie performance of nosteel cassettes witelectednaterials



Is investigated. Hydrocode numerical modeling is performed to understand the nature of

theinteractionbetween jet and flyer plates.

It is seen that ceramican be usedsareplacement fosteel iINERA, achieving similar
or evenbetterefficiency. It isalso revealed that the performance of ceramic flyer plates
depends on compressive strength, fracture tougharegdulk impedance.

Keywords:flyer plate, hypervelocityet, reactive cassettdSRA, ceramics
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¥Z

HAFKF MALZEMELERDEN OLUKAN U¢AN PLAKA KLE
JET ETKKLEKKMK

Deniz, Tansel
Doktora,MakinaM¢ h e n dB °sll ¢ Mg
Tez Y°rPeotDrRleéetsin Akk?©®Kk
Ortak Tez Y°neticisi: Prof . Dr. R.

Ocak2022, 129 sayfa

Patl ayécehtePKZmed éubkerpi mhkl €] é& i-eren te
et kil i bi PTZ ka%etj tkie-madliplfka k anén araséna patl a
yer |l exktiril mes uygulam@akasdtlerfehdiding eT ii xi kb ofirrul t us
olarakye | ekt i ri I i r . ¢uk u @infilakettirareki eah, ppakbhbhgpéee

y°nl erde iUrmel egn-daikrailrra.n ;ml ta émjaésitéi rvierlimaegm b oz
mekani zmal #rté iylasmmd-aml,és®rz konusunaraoépl ak
yapéséna zAyradewanrae@bydnde i vmelenen pl akal
dijer ara-I|lar i-in tehlike arz edebilir. B a

velveyad ¢ K ¢ K yomalln2z airkd luer den ¢r et i kasetlerinml ak al &

uygul anabil ecej i dejerlendiril miktir.

Butezina mac&m ve serami k tipi malzemelerin PT:
dejerlendiril mesidir. Kl k kaseflesindaa k an- @l ak ap M
patl ayéceé kat ekl &jogmuéena Ipalrf or manséna et Kki
se-ilen sabinmlobkrialeankalPiTZolkoa swd | ar k ade
pl akalar sérasée ile aday mal zemeler ile de
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performaaséeaday!| mygl zenedliekr pse-kial eir-eekr meyen PT
ol ukturul mutarev e epedr fean mamxti r. Bu -al ékmal ar a
u-an plakalar araséndaki etkilekimin incelenm

ger - ekl &mt Kt i
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XX



Icf

rj
SOD
SOD
tact
tarrival
th
temp
te

Crater radius according to Szendrei eqr¢,2ZXmm)

Radius of the jet segment (mm)

Standoff distance to base aon(mm)

Standoff distance to ERA cassette (mm)

Activation time of the explosive
Arrival time of jet segment to c
Breakup ti me (e&5s)

Life span of BMP (¢s)

Hol e closure time (gs)

Interactin t i me of j et segment and f |
Life span of FMP (egs)

Virtual origin time (¢&s)

Parameter in Umin model (m/s)

Mi ni mum penetration velocity (mn
Penetration velocity (mm/egs)
Axial velocity of jet segment (n
Critical velocity (Equation 2.11)

l nstantaneous velocity of the fI
Gurney velocity of the expl osive
Incident jet velocity [Figure2.1)

Flyer plate velocity Figure2.1)

Velocity ratio of plate and jet (Equation 2.3)

FIl yer plate M6és final velocity i
Relative velocity (Equation 2.13)

Deflected jet velocityKigure2.1)

Yield strength of ¢t (kPa)

XXi



Q),Q_Ct_8 C Cc
<

] ERA
J EXP
J FP
}i

ip

] RHA

Jt

LIST OF SYMBOLS (GREEK LETTERS)

Nazdos coefficient (
Actual deflection angleHigure2.1)

Vel ocity increment
Observed deflection angl€igure2.1)
Disruptive efficiency (Equation 2.7)

al ong

t

he

Adjustment parameter for the width of the strip (Equation 2.3)
Average @nsity ofERA cassette or modu{g/cnr)

Density of the explosive material (g/&m
Density of the flyer plate material (g/én
Density of jet particle (g/cf)

Density of flyer plate (Equation 2.3)
Density ofRHA (g/cn?)

Density of the target or base armor (gftm
Time constant for flyer plate acceleratioh (
Breakup ti me durati on
NATO impact angle olERA cassette

XXil

(es)

]

et



CHAPTER 1

INTRODUCTIO N

Explosive Reactive Armor (ERA) is an efficient way of stopping the shaped charge
jet (SCJ) which is formed byhe initiation of a shaped chge warhead.
Understanding the basics of ERA necessitates comprehensi@Cbfand its

penetration mechanisms.

In this chaper, a brief introduction is givehy providing basic information about
shape charges and hydrodynamic penetration§segonsl.1 and1.2). Then,the
fundamentals of ERA are given Sectionl1.3. Next,the literature surveyon ERA
configurations with alternative materiails given in Section1.4. The chapter is

concluded by the aim of the #is Sectionl.5).

1.1.Classification of Warhead Types

A warhead is defined as Athe specific
damages a desired target and renders it incapable of performing its intended
f u n c {1]. Withia the context of this definition, these warheads are divided into
two diverse categories in which: 1) damage is caused by explasategcelerate

metal ofandproduce blast effects, and 2) propellants accelerate mettiatnators

to lethal velocities.

Conventional literature describes the first kind (héydplosive) devices as chemical
energy warheads (CE) and the second kind as kinetic energy (KE) penetrators.
Moreover,high-explosivewarheadsan be classifiethto two categories which are

directed energy and omnidirectionvedrheadgFigurel.1).
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Warheads
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Figurel.1 Family of highexplosivewarheadg$1]

Directed energy warhea@g®ssess a metal lined cavity and focus the energy of the
explosive to form a hypervelocity penetrator. These warheads can also be divided
into three groups, namely shaped charge, hemispherical clargieexplosively
formed penetratorA typical shaped chaegvarhead produces laypervelocity jet

with tip speeds ranging in-X0 km/s On the contrary, an explosively formed

penetrator produces a slug or fragment of velocity-aks [1].

1.2.Hypervelocity Jet Penetration Mechanics

1.2.1 Ideal Jets andHomogenousTargets

The mechanical strength of jet and target material are overtaken by the strain levels
and strain rates induced by the impact of the shaped chargé@hetgfore, the
strength effectsan be neglecteall togethei2, 3]. Thus, the penetration process can

be assumed as flow of incompressible fluid into another incompressible fluid. At
steady state, a stagnation volume is established at the interface of jet ahdatatg
moves at a velocity into the target. The stagnation pressprapplies to both sides

of this interfaceThen, theBernoulli equation fotheincompressible flovof a jet of

constant velocityy, givesEquationsl.1 and1.2 [4].



n -" o Y 1.9

o= Y (12)

where}; and}: are the densities of the jet and target mateflibke penetration
velocity, U is found by rearrangingquationsl.1 and1.2:

Y — (13)

The penetration depthP from theimpact of jetof lengthL is given inEquationl.4
[4].

0 — 07T (14)

Equationsl.3 and1.4 canbe used tthave arapproximation of the penetrati@epth

and penetratiotime history of an ideal jet impacting a homogeneous taBgeted

on this, Allison and Vital{5] introduced the concept of linear velocity gradient jet
emerging from a Avi r tetraidn of@ cantpuonsdetamad o bt
function of time. Then, DiPersio and Simf@} extended this theory by assumption

of instantaneous jet breakusgnd presentedxelicit formulas for three cases:
penetration of continuous jet, metration of partially continuous and partially
particulated jet and penetration of fully particulated jet. This work is revisited by
Held[7], and penetration formulas as a function of time are presented. Moreover, he
calculagd penetration cutoff velocitigsy plotting hydrodynamic predictions and
experimental results on the same graph. The predictions of ideal penetration depths
as a function of limiting residual jet velocity; for three regimes is given in
Equationsl.5-1.7.

1. Continuous jet:

0 6 A 0 (15)



2. Partially continuous, partially particulated jet:

0 6 (1.6)

3. Long standoff, fully particulatedei:
0 6 © wor (1.7)

where,Zp is the standoff distance from the virtual origifa,is the jet tip velocityty

is the jet breakup time, arwlis the square root ratio of density of target and jet
material.

Ideal penetratiourves for the penetration of shaped charge jet on RHA fefrtip
velocity of Vo=8.5 mmfrs andjet breakip time t=130ns are plottedn Figurel.2,

in which an experimental penetrativarsusstandoff curve fothe warhead is also
included[1]. It can be concluded that, the penetration cutoff velocity increases with
the standoff distance, as deviations from the ideal jet come into play.

Experimental Jet penetration limiting velocities
. Curve vp (mm/psec)
0

20

3.0

4.0

5.0

6.0

Penetration (Calibres)

7.0

1 L
0 2 4 6 8 10 12 14 16 18 20
Stand-off (Calibres)

Figurel.2 Ideal penetration standoff curves as a function limitielpcity [1]

1.2.2 Non-ideal Jets andHomogenousTargets

The differences of ideal jet concept and practical jets are as fdllgws

4



U Misalignmentdrom jet velocity vectors from jet axis
U Nonlinearity of the jet velocity profile
U Time dependence of breakup as a function of position in the jet

Practical jets may possess particles with tumbling and lateral (drift) matwoag
from the meanongitudinal axis of the jefigurel.3 gives a simple representation

of this condition, compared with the straight, waltlered particulated jet.

aligned
not yet
particulated

aligned l
fully I -'—-I lateral velocity
particulated | ,\

l } rotation
no lateral l ’\
or rotational I ianed
velocity | ] aligne
components | | particulated

— ) lateral
| —_ velocity
Ideal Jet Nonideal Jet

Figurel1.3 Quditative comparison of ideal and nadealjets[1]

1.3.Fundamentals of Reactive Armor

The penetration capability &CJsincreased a lot since the Second World War,
rendering the protection of armored vehicles impossible byicksseansThere is

a need for lighter and more efficient way of stopping those jets. One way of achieving
this goal is to use reactive armor. It is first proposed by [#&ldh the western world

and as described by Rototaevthe Warsaw Pacf{9]. In USA, similar ideas are
known however in their studies, the emphasisn the disruptionfahe jet by the
explosive(which is termed as explosive pill armor) while #raphasisn this thesis

is on he disruption by the moving metal plates. In literature, dedimiof ERA s

published in referencg&0, 11, 12, 13]Additional references dealing directly with



ERA are[14, 15, 16, 17, 18, 19, 20, 21, 22jd indirectly, with interaction of jets
with moving plates are given [23, 24, 25, 26, 27, 28]

The schematic view of the interaction of shaped charge jet with ERA cassette is given
in Figure1.4[29] in which basic features of the interaction sucheshole and the
disrupted jet are depicted

Vi

INITIAL
CRATER

Figurel.4 Schematic view of an ERA cassette interaction with shaped charge jet
[29]

The efficiency of ERA is based on three diffgrenechanismg30]:

1. Dynamic Plate Thickness

The high explosive layer will detonate if a SCJ perforates BMP and hits the explosive

charge. The plates of the cassette will be accelerated by the detonation pressure and

fly in oppasite directions with velocities corresponding toriess ratio of explosive

and plate$31]. Oblique orientation of the plates results in new plate material being

fed into the flight path of SCJ Thus, A dynamicanstitptésaonee t hi ckne

working mechanism of reactive armor.

2. Deflection
Some portion of the kinetic energy of th8CJ will be consumedduring the
perforation process of the platd3uring the interaction, momentum transfer in

transverse direction to SCJ flighttpavill deflect or even disrupt the je&t.deflected



or disruptedet does not hit the same crater halethathe penetratioperformance
of the SCJ will balrastically reduced.

3. Shock load and explosive products

Detonation shockwave anide expanding @ducts ofdetonatiorcan also introduce
transverse movements to t8€J ifthey are streaming out of the holes in tlyer

plates, mostly not symmetricalfgrmed

Radiographic image oB8CJpassing through ERA cassette revdhist after the
interaction;SCJconsists ofliree partsKigure 1.5) a relatively short, fairly intact
and little disturbed leading part (the precursor) (A), damaged main part of the jet (B)
and undamaged tail section of the jet (C) which comes through ES8&ttawithout

any interaction with flyer plates.

Figurel.5 Structure of SCJ &t passing reactive cassette:Ksh xray[29], (b)
schematic view32]

Increasing the efficiency of the reactive cassette requires solving the following tasks:
1) reducing the lerth of the precursor; 2) increasitige extent of damage to the
main part of the SCJ; 3) avaig) passing of the tail section of SCJ withexposure

to flying plates.



Solving these problems requires an understanding of the physical processes
occurring during the interaction of the SCJ with ERA flyer plates. The main physical
processes that determine the efficiency of BiRétection capacitghould include:

1) formation of holes in the plates of ERA cassettes when they contact with SCJ; 2)
initiation of detonation in the explosive charge; 3) explosively acceleration of plates;

4) the interaction of moving plates with the SCJ.

Within the contek of design activities; these particular issues can be dealt by
increasing the physical understanding of the following

Effective opening of cassette
Interaction time of cassette

Mass flux and momentum transfer methods

= =2 =2

Material effects

1.3.1 Weight and Space Hiciencies

The ballistic protection performance of explosive reactive armor (ERA) is measured
by its effectiveness. Generally speaking, it is obvious that the higher the
effectiveness, the better. Depending on the application, the need arises fer a low
weight ERA in some applications and for a small volume ERA for others. For some
applications a small amount of explosive is requested whereas for other cases

collateral damage is what counts.

It is clear that many definitions can be used to define the eféeess. Within the
context of this chapter, the following definitions will be used for measuring the
effectiveness of ERA cassettes, based on space and weight needed to stop the SCJ.
Equations 1.8 and 1.9 define the space @hdmass () efficiencies ofERA

cassettes.

o — (1.8)



o — (1.9)

In these equations Adr = Prer* I rua, ADerA = Pera * I Era @aNd ADres = Pres™
rrua are the areal densities of reference RHA block, ERAlut® and residual

witness penetration respectively. The definitions are givéigarel.6.

I:'REF

RHA

-~ —
PERA PRES

Figurel.6 lllustration of variables fospace and masdficiendes

1.4.Test Results withLightweight Materials from Literature

In the pioneer work by Kaufmann et[3B], ballistic protection efficiencies of ERA
cassettes with lightweight platese compared with classical 3/3/3 steel cassette
configuratiort (madeo fS 285 JR s @ceorlihg to DIN EN 10023). Platesof

steel, aluminum, polycarbonate (PC), polyethylene (PE) and glass fiber reinforced
plastic (GFRP)Tablel.1) areusedwith thesame areal densities

13/3/3 refers to a cassette configuration with 3 mm steel + 3 miosax@ + 3 mm
steel.



Tablel.1 Materialstest as flyer plate83]

. . Density | Thickness of | Mass of
Material Abbreviation [glcn?] | Plate [mm] | Plate[g]
Steel St 7.83 3 705
Aluminum Al 2.70 9 729
Polycarbonat PC 1.20 20 720
Polyethylene PE 0.95 25 712
Glass fibre reinforced GFRP 1.94 12 698
plastic

They used a shaped charge warhead with 50
mm depth of penetration is achieved in stacked RIiH260 mm stanaff distance

and 358N15 mm d e a506 mo standifalistanter The explosive

layer is 3 mmDetasheet 100@vith 6750 m/s velocity of detonation and 1950 m/s

gurney constant. The schematic view of experimental setup is givEgurel1.7.

The same experimental setigpemployed by this research groupall follow-up

works.

RHA target

i residual
250mm 220mm penetration

o
- L

Figurel.7 Schematic view of the experimensatup[33]

The resiis of the performed tests are giverFigurel.8in which ballistic protection
efficiencies of constructed cassetesgiven interms ofweightedRHA equivalency

(RHAg) of theconfiguration, which is given biquationl.10.

Y0 _ (1.10)

10



&9 ‘i == @@
PEEE
GFRRIGFRP
SuPC
swe ) 00
SUALGFRP
SUGFRP
st

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
RHA,,

Figurel.8 RHA equivalencies for constructedssettef33]

It is found that combined applicatiaf steelas the BMPand compositéGFRP)as
the FMP leads to a protection level which is very close to the one cfytimenetric
steel arrangemensymmetric GFRP, PE and PC cassettes revealed higher residual

penetrations than steel cassett@sich meansdwer performance

In a follow up work by Bianchi et 4B4]; effect of using ceramic, fiber reinforced
plastics and aluminum as flyer plaissaddressed. They constructed cassettes with
the same areal densities and tested sgtmmand asymmetric configurations using
the same test setup depictedrigure1.7. The mechanical properties of the tested

plates are given iffablel1.2. The explosive raterialis PETN based.

Mass efficiency (EM) results of symmetric cassettes reviwls (Figure 1.9)
cassettes constructed with alumina yield better results compared to steel cassettes
whereas aluminum has lowefiefency and CFRP provides half of the efficiency of

steel cassette (Steel CrNi).

11



Table1.2 Materials testeds flyer plate$34]?

. o Density | Yo Thickness | Hardness
Material Abbreviation [g/c?] MPa] | [mm] [HV]
Steel CrNi St 7.81 360 3.0 230
Steel 235 St 235 7.85 235 3.0 120
Aluminum Al 2.70 480 8.0 145
Glass fibre reinforced plastic | GFRP 2.50 1500* | 12.0 40 Barcol
Carbon fibre reinforced plasti¢ CFRP 1.50 2000* | 15.0 55 Barcol
Aramid fibre reinforced plastiq AFRP 1.40 2900* | 18.0 45 Barcol
Alumina 99.7% Al20399% 3.90 2900** | 5.8 1650
Alumina 98% Al>03; 98% 3.86 2200** | 6.1 1400
Alumina 96% Al203 96% 3.80 1900** | 5.8 1400
Alumina 90% Al203 90% 3.61 1700** | 6.5 1150
Silicon carbide SiC 3.25 3000** | 7.3 2200

Mass Efficiency (E,,)

Figurel.9 Mass efficiency values for symmetdassettef34]

Ewm values for asymmetric ERA cassettes for which front mlaback plate is varied
and the dter plate is kept as steel (steel CrNi) are giveRigure1.10 andFigure
111

2 * correspond to tensile strength, ** corresporgito compressive strength,
otherwiseit is yield strength

12
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Figurel.10 Mass efficiency values fosgmmetric cassetteBIP is varied, FMP

is kept asstee) [34]

%

SiC
7

AI203 99%
7

Al203 98%
%

Al203 96%

P
Al203 90%

Figurel.11 Mass efficiency values for asymmetric cassefd4Ris varied, BMP
is kept as step[34]

From Figure 1.10 it is seen that CFRRalumina (99%and 96% and SiCas front
plate yield better efficiency than steelhereas alumina (98% and 90%), aluminum
alloys and GFRPRevealsimilar resits to steel Moreover, results for asymmetric
cassettes with varied back plate assume better results for SiC and a|9&dis)a
flyer plates(Figurel.11). The general trend ibat harder inert plates lead to hegh
efficiencies.

13



Based on these results, other combinations of materials (mainly cerareiested

(Figurel.12).
.

///////////////////A

T
3 4 5 6 7

Mass Efficiency (E, )

Figurel.12 Mass efficiency for nometalliccassette$34]

The results depicted Figurel.12 suggest that there is a significamtiease in ERA
efficiency. For the same weigfur areal density)Jan ERA based on ceramics almost

doubles the mass efficiency with respect to steel cassettes.

In another follow up work by Koch et 5], ballistics protection efficiencies of
both steel and alumina cassetescompared by a number of tests, in which, elat
thicknesses and explosive thicknesaesvaried. The areal densities of constructed
cassettearein the range of 2.5 14.0 g/cnd. The mechanical propertie$ the flyer

platesare given inTable1.3.

Table1.3 Materials testedsflyer plateq35]

. Tensile | Compressive | Yield . .
Material Density | Hardness Strength Strength Strength Thickness | Weight
[g/cm] [HV] [MPa] [MPa] [MPa] [mm] [a]
1.0 240
Steé 235 7.85 120 400 400 235 3.0 700
6.0 1450
1.0 240
Steel 1.4301 7.90 230 600 600 360 3.0 700
6.0 1450
Armox 600 7.85 630 2000 2000 1500 6.0 1450
2.9 350
Alumina 99.5% 3.90 1650 280 2900 - 5.9 700
11.8 1400

14



The testareperformed according tthe test setugepicted inFigurel.7. It is seen

that for steel cassettes, light rear plates reveal better results whereas for alumina,
higher mass of the cassette yields higher EM compared to lower mass sddsste
efficiency versus space efficiency results are givefigare1.13.

16
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Figurel.13Mass (k) versusspace efficiency (g results of testg35]

From Figure 1.13 it can be seen that alumina cassettes in general, provide better
results in both mass and space efficiency. This can also be observed in the plot of E
versus kfor ERAs constructedith heaviest plates and 3 mm explosive sheets.
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Figurel.14 Mass (k) versus space efficiency {&or ERAs with heavy plates
(14001450 g) and 3 mm explosiaheetg35]

In the follow up work by Mayseless et[86], the effect of varying space at the back
of the ERA configuratioms examined. The backing spaséken as 220 mm or 620

mm for each configurationHigure 1.15). The materials that are tested are given in

Tablel.4.

RHA target

SC

K Y4 __:——,T |

220, 620 mm P ‘

250 mm
Figurel.15 Experimental setup for thests[36]

Tablel.4 Materials testedsflyer plateg36]

. Tensile | Compressive .
Material D?nsny Ha|r_(|:i ness strength strength Thickness
[gfem?] | [HV] [MPa] [MPa] [mm]
Steel 1.4301 7.90 230 600 600 3.0
Alumina 99.7% 3.99 1700 300 3000 5.9
PE HD 0.94 D64 30 20 24
Cevodur UTR (GFRP) 1.83 - 70 250 12
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The resultingesidual penetratiorfer each configuration for long statadf distance
(LSD) and short standff distance (SSDare presented iRigure1.16.

GFRPISt [ | sski22imm)
: - [ LSD (620mm)
1 — =
St/Alumina / 2 ; i
Alumina/Alumina W
S ——

R T R
0 20 40 60 80 100 120 140 160
P__.[mm]

RES

Figurel.16 Residual penetratior(®res) for ERA cassettes for two stasodf
(backing)distance$36]

From Figure 1.16 it is seen that the ballistic protection performance of each
configuration changes with back space distgibegng LSD or SSD)Theresidual
penetrationfor symmetric cassettes revealegenerally better results for,SD

compared t&SD exceptfor alumina

In the tests results for the symmetric ceramic cassettes, the depths of penetrations are
much smaller compared to the steel cassette for both standoffsgi@iahe
Alumina type from 99.7% to 995 (tests fromthe previous study35]) increases
residual penetration by about 30% for thédS®nfiguration.

Replacing the steel front plate @FRPdecreases residual penetration in the case of
SPD. Residual penetrations of nateel front plate and steel back plate casseite
increased for cases of LSDIhe ceramic front plate produces deeper penetration
compared to the symmetric ceramic cassette. Comparing it to the symmetric steel
cassette its found that at SB the residual penetration is the samg atthe LD

configuration the residual penetration increases.

17



The cassettes with the PE front plate produced relatively deep residual penetrations,

although better than the symmetric PE cassettes.

Replacing the steel back plate by ceramic gave the best resulDaiAt SSD the
residual penetratiois about the same as for the symmetric steel cassette, but higher

compared to the symmetric ceramic cassette.

Overall, it seems that for cassettes placed far from the main armor, ERA composed
of nonmetallic back plate is prefiead, while for cassettes placed close to the main
armor it is recommended to use Ametallic front plate. Replacing the two steel
plates by normetallic plates produces good results in both test configurations only

if the material is high strength ceramic

It is interesting to note that, their study also revealed the relation between the residual
penetration and the precurdtength that escapes the ERA cassette. The length of
the precursor jet is measured from th&kXy flashesKigurel.17 andFigurel.18).

It is seen that measured leng#rsin agreement with #ndepth of penetration results.

1peene ~

Figurel.17 X-Ray image ofgt after penetration of 3St/3/3St cassetteSid [36]

3 Relatively fasterip portion of the jet that escapes ERA cassette before the flyer
plates take effect

18



Py =76mm

Figure1.18 X-Ray image of jeafterpenetration of 3St/3/3St cassett&SaD [36]

It is staed that the jet behind the precursor has almost no contribution B>
the case of the U3, as the disruptions fully developed. Therefore, a good

correlation is expected between the residual penetration and the precursor length.

Hazell et al[37] investigate the penetration of shaped charge jet® reactive

cassettes with brittle material$hey usedsymmetricERA design and389mm

shaped charge warheadBigure 1.19) to assessthe performance of armor
conygurations wi t h byer pl at es construi
borosilicate glass, and ste@&lplel1.5). Two different thicknessemreused for each

material with areal densés equivalent to 2 and 4 mm steel plates.

In particular, tisnot ed that the performance of sil
platesTablel.5 arecomparable to ste@Figurel.20). Furthemore, there is evidence

that increasing the mass of the explosive matbedleen ceramic layeimsiproves

the performance of the armor thereby providing room for optimization of a brittle

material ERA systenHgurel.21).

The patenbf Mayselesq38] specifiesapplication of flyer platesvith controlled
fragmentation points for reduced collateral damdgent byHazell [39] follows
with the ceramics casm which,the fragmentation is uncontrollédtit also renders

the fragments harmless.
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Figurel.19 Test setup used in tisudy[37]

Tablel1.5 Materialstested as flyer platd87]

Density | Thickness | Areal Density

Material Grade

[g/cm?] [mm] [kg/m?
Steel Grade S275 | 7.800 2.0/4.0 15.6/31.2
Alumina Sintox FA 3.724 4.0/8.0 14.9/29.8

Borosilicate glass | Borofloat 2.200 7.5/15.0 16.7/33.5
Silicon carbide PS5000 3.147 4.9/9.8 15.4/30.9

14 mm steel equivalence
V7] 2 mm steel equivalence

PS-5000 I
iz

Borofloat : | ; I |
V77777777
Steel 7 %

Figurel.20 Performance of ERAystemdor 2 mmsteel equivalence and 4 mm
steel equivalenci7]
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Table1.6 Cassette configgations and test resulf40]
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Figurel.21 Theimpact ofPBX mass onhe performance of the ERI87]

Liden et al[40] investigated the performance of cassettes made ofirsuisilicon
carbide, boron carbide and glass fibre reinforced plastic and made comparisons with
simulation results. The areal density of the ERA cassettiespt constant for all

tests. They used PETN based explosive layer and performed tests with &nem

diameter shaped charge. Test configurations and results are givalei.6.

Front Plate Back Plate Ex_plosive Pres
Material Th[';kn:f S5 | Material Th['rﬂ?:f ss Th[lrc;lkmn]e SS [mm]
B4AC 9.4 B4C 9.4 3.0 53
B4AC 9.4 Domex 500 3.0 3.0 27
Domex 500 3.0 B4AC 9.4 3.0 43
SiC 7.3 SiC 7.3 3.0 38
SiC 7.3 Domex 500 3.0 3.0 34
Al203 99.5% | 6.0 Al20399.5% | 6.0 3.0 44
Al203 99.5% | 6.0 Domex 500 3.0 3.0 40
GFRP 12.0 GFRP 12.0 3.0 109
Domex 500 3.0 Domex 500 3.0 3.0 30

and plate response compdrwith X-ray images
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FromTablel.6, it is seen that cassette with B4@d SiCfront plate revealedimilar
result with regardd symmetric steel configuration, whereasher ceramic or
composite cassettes yield higher residual penetrations. Their study also showed that,

using JH2 ceramic model for the simulations results in similar disturbance of the SCJ



The experimental findings from the literature are itemized below:

U Itis possible to reduce unwanted effects of ERA casdsttesingcomposite
or ceramic flyemplates.

U0 Symmetric cassettes with GFRP, PE and PC have lower EMsyaltieh is
attributed toslower acceleration of plates due to their low sound speedis
higher thicknesby the researchers.

U Ballistic protection efficiency correlates well with material properties like
hardness and yield strength. For instance, increasitiy yaelds higher
efficiencies. The reason for higher efficiencies with higher strength comes
from the fact that the plates will possess smaltaterdiameters. Hence, jet
particles will quickly get in touch with the plate.

U Using ceramics as flyer platgenerally increases efficiencies.

U Most of the residual penetration in main target is due to the precursor, which
is flying across the ERA before detonating explosive sheets imparts a
significant velocity to the flyer plates.

U Increasing thickness of the dapive layerincreases EM regardless of the
weight of flyer platesThis is achieved by soonercentact of the crater edge
with the SCJ.

U For steel, higher protection efficiencies are achieved with k. On the
other hand, for alumindgwer areal desity cassettes readbwer EM values
compared tdigher areal densitgonfigurations

U The space between the ERA cassette and the main armor is a significant
design parameter because it may change the characteristics of the event
completely.The longer digance travelled by the disturbed geiuses greater
spread of its particles. Thus, the penetration is decreased.

U For larger back space distances, ‘nogtallic back plates are preferred
whereas for smaller back space distances;metallic front plates are
preferred.

U Non-metallic front plates of thick and low density materials like PE or GFRP

may contribute to the disruption process.
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Many aspects of the lightweight and brittle materials are examined in the literature,
and it is shown that effective or evieetter results can be achieved with smoetallic

flyer plates, compared to steel flyer plates

1.5.Aim of the Thesis

As outlined in the literature review, it is seen that a reactive cassette can be
constructed by usingon-metallic materials. Needless to sauych a cassette will
render an ERA configuration with reduced collateral damage. The main targets for

the reduction of shrapnel hatmthe surroundingan be stated as:

U Low density

U Low velocity

U High aerodynamic drag
It can be predicted that plates maamifired by processing fine particles will turn
back to particulated state easily with the application of explosive loading.
Preliminary studies of the pioneers tifese configurations confirm that these
particles are relatively harmless compared to metalissettes with the advantage
that the particulation takes place after the disruptive effect of the cassette has taken
place. Therefore, a study should be sought in order to understand the basic
mechanisms of interaction of lightweight plates and hypecitgijets and underline
the effects of main design parameters to construct a harfaldsss harmfulERA

without losing significant protection efficiency.

Literature review suggests ERA cassettes made of ceramics pgdiokmances

comparable or evepreferablewith respect to traditional steel cassettes.

The aim of this thesis is tavestigate the ballistic protection performance of ERA

cassettes made from nometallic materials, in particular ceramics and glasshe

first part of the thesistypesof interaction between the shaped charge jet and

hypervelocity plate and conditions for occurrence are propcssd also their

relevance ixompared with simulation stigs Then, an engineering model fitbve

calculation oftheresidual depth of penetrah behind ERA is suggested. The model
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calculates the precursor part and the tail sectioa 8CJ that escapes the ERA

cassette without interaction.

In the experimental part, front and rear plates of the steel ERA cassette are changed
with alternative madrials to observe tlireeffects. Then, best performing materials

are combinedn a nonmetallic cassette and the results are comparedthathof a

steel cassette. The areal density is keipilar for all ERA configurations.
Hydrocode numerical analysage performedor comparison witlthe test results.

Finally, best performing materials as front and back plates are selected and necessary

material properties faa better performance are shown.

24



CHAPTER 2

ANALYTICAL MODELS FORINTERACTION

It is crucial to understand the mechanics of interaction of flyer plate with
hypervelocity jet for design of efficient flyer plates. Thereferierature surveys
carried oufor interaction model® be usedin this chapter, interaction models from
literature andtheir comparison are presented. Then, necessary conditions for

efficient flyer plates are proposed with complementary simulation study.

2.1.Mass Flux Model

In order to define the deflection of jet by the flyer pldi#gyseless et al[41]
considered the implication of mass and momentum conservation laws applied to the
interaction of the jet with the moving plates of a reactive elenhieistassumed that

flyer plates remain planar and mowath a velocity Vp normal to its original

orientation(Figure2.1).

BMP at t BMP at t-At
e

Deflected jet

IG_

Jet direction

Figure2.1. Jet deflection foBMP [41]

The platesnove in opposite directionsThe plateon the front sidef the cassette

moves inopposite direction to the jet and thus, m&@ned as backwaioving plate
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or BMP. The other plat®n the back side of the cassette mawethe direction of
the jetandis named as the forward moving plate or FMRe ratio ofplate and jet

length that come into interaction is giverEguation2.1:

o (2.)

where + sign refers to BMP aingign refers to FMR{is theNATO angle of impagct
Vjis the local jet velocyt Lj andLp are lengths of interacting jet and plate partse
massflux ratio (Equation 2.2)s obtained by comparing the mass of thespgment

and plate strip that interact in unit time

_ - — 2.2

0 - — W  iw (2.9

where + sign refers to BMP aingign refers to FMB. is mass densityj; is diameter
of jet, his the plate thicknessis a factor of the order onthat carbeused to adjust
the width of the strip that interact with the jet if it is larger than the jet diameter, or

if required, to add platebds strength effect

Mayseless et al showed that, when @& , a stationary intection between flyer
plate and jet is possible. Whén & , a stationary interaction is impossible,
which means a nesteadystate interaction is happening. In other words, when jet
massflux is dominant, the jet penetrates the plate, therawtion being stable and
the jet is deflected. On the contrary, when plate Alagsis dominant, the plate

penetrates the jet, leading to an unstable interaction and jet scattering

2.1.1 Deflection Angle
Mayselesq41] assumed full plastic interaction of jet segment with plate slit and
provided Equation2.4 for the deflection angle of the jet velocity vectorfrom

momentum transfer.
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0 DE %o — — u (2.4)

whereuppersigrs referto BMP andower sigrs referto FMP.

FromEquation 2.4Equation2.5for the calculation of defleitin angle of the jeta

can be derived.

O GE | 2.5

whereuppersigrs referto BMP andower sigrs referto FMP.

Held [42] presented a simpler equation for jet deflagtio which, ratio of momenta

of plate and jet parts in interaction are used to calculate the deflection angle:

oG —— (2.6)

2.1.2 Disruption Efficiency

Mayselesq43] postulded an efficiency description for measuring the disruptive
power of a flyer plate against SCJ. The
Equation2.7is simply inverse of Equatio®.2

(2.7)

When the efficiency of BMP is considered, the limiting valugl &f Ks i pas tiie

plate velocity is increased. BMP maintains contact with the SCJ, unless the edges of
the cassette are reached. On the other hand,rRdHose contact withhe jet, if it

moves faster than the jet. Therefore, limiting normalized velocity of FMP can be

found fromEquation2.8.

w Q&I — (2.8)
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Moreover, by assuming an efficiency value Eaquation2.7, the lower limit of the

normalized FMP velogjtcan be found. Therefore:

WEf © —— (2.9

2.2.Modes of Interaction

Literature review presented in Sect@d suggests that BMP mainly deflects the jet
and FMP is responsibl®r the disruption of the jet. Therefore, special emphasis
should be given to the interaction of the jet with FMP for efficient design of reactive
cassette. In this section, work relatedd&ine the mode of interaction of the FMP
with hypervelocity jeis presentedThis part is original work within context of this

thesis.

Interaction of forward moving plate and a jet segment is depicteidume2.2 along
with decompositions of the plate velogityhere jet velocity i¥/j, flyer plate velocity

is Vp and velocity of interaction point on plateMs ¢ o s d

V V,/cos@ v V,cos6
0 / 0
V,/sinf V v, sind V
a. relative velocity of jet and contact b. relative velocity of particles
point on the plate (Vo1 = V-V, cost)

(Phase velocity =V;-V,/cost)
Figure2.2 Jet and plate velocities and velocity decomposifiwri-MP

FromFigure2.2, it can be seethat if the velocity of the interaction point is higher
than the velocity of the jet, the plate is moving too fast with respect to jet. Therefore,

there will be no interaction if the following condition is satisfjéd]:
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— O (2.10)

It can be assumed thatt relatively low velocitieshydrodynamic penetration
equationwith strengths (according tAlekseevskiTate equatiori44, 4]) can be

employed However, there Wlibe a critical velocity,Vcr, below which penetration
will not occur. This velocity can be calculated by equating penetration velbkgity,

to zero in AlekseevskTate equation

@ — (2.11)

Therefore, jet will not pnetrate the flyer plate if this critical velocity is greater than
the phase velocity45]. This situationcan be expssed by rearranging Equation
2.10

— & (2.12)

The penetration velocity fojet into flyer plate material is calculated using

AlekseevskiTate equation and relative velocity of jet and flyer plate:

Y ® o wAl-©O (2.13)

In an efficientinteraction,the wholethickness of the flyer plate should come into
contact with jet material, sihat therecan be a regime of neefficient use of flyer
plate material if the flyer plate jast abowto beperforated

- Y (2.19
The definition offi ruptione f f i cis gverciy $ectiorR.1.2 Mayseless et al
[41] claimad in their fundamental paptrat disruption bthe jet occurs on condition
that mass flugsof jet and plate are similafherefore, if the mass flux of the jet is
greater than that of the plate, the jet is penetrating the plate. Additionally, if the mass
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fluxes are similar, or the mass flux of tHatp is greater; the plate will highly disturb

the jet.Based on this and assumiag & (i.e.d=1) for efficient interaction, a

criterion for theforward movingplate velocity can be givdoy usingequation 2.9

(2.19

Fora a , deflectionof the jet will occur, asn the caseof backward moving

plate. Abovementionedpenetration conditions indicate the regimes of interaction

andaresummarized imMable2.1.

Table2.1 Summary of regimesf interaction between SCJ and FMP

Regime Description Criterion Remarks
#
1) No interaction —— Plate is faster than jet
wei —
. W Y
2) No penetration —— @& ® 5 -
wei —
Partial ® — p I Y,, =
penetration but ® . oY
3) no perforation g — P
of the plate o w
W W WwEi —
4) _Effectwg d is taken
Interaction wWei Bi Q¢ p-
Deflection of @ w
5) : —
the jet & i —0i Q& p—

In regime 1, the velocity of the contact point on the plate (intersection of jet direction
vector and plate) is faster than the jet. Therefibre jet cannot touch the plate and

no interaction occurs.
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In regime 2, minimunvelocity of the jet for penetration of the plate is found by

taking the penetration velocity in Alekseevskiate model which depends on the

pl atebés resistance to penetration, jet me
if the phase velocitys lower than this critical velocity, the jet cannot penetrate the

plate and ricochets from the surface of the plate. Although no jet escapes from the

plate, this is not an efficient way of interaction since the plate will be consumed
quickly by gettingott of si ght of the jetds directio
section of the jet.

The regime 3 is also another way of inefficient interaction of jet with the forward

moving plate since the whole thickness of the flyer plate does not come into
interaction with the jet. Instead, partial penetration occurs and the plate is not
perforated. More efficient use of plate material and explosive thickness can be
achieved in the fourth regime, with less amount of explosive which means lower

collateral damage

The regime 4 is thmost efficient interaction regingnce norsteady interaction of
the plate and jet results in a highly disrupted jet. The minimum velocity requirement
is calculated by taking the disruption efficiency parameter @ 7& ) as unity

[43].

The regime 5 accounts for the deflection of thégethe interaction of the forward
moving plate with the lead sections of the jet as the plate achieves its final velocity.
This regime is also the general césethe backward moving plate.

The regimes of interaction are showrFigure2.3 for the interaction of a copper jet
of 3 mm in diameter with high strength steel plate of 5 mm thickness BAd'@
angl e OAfor daryirgVH(Un=Vp/V)). The figure reveals that regime 4 is
aroundV,=0.2, which begins with the maximum efficiency line and ends with the
no perforation of the plate, indicating the beginning of regime 3
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Figure2.3 Disruption efficiency for varyindy/,; with differentregimes of
interaction

2.3.Numerical Simulations

This part summarizes the findings from the numerical simulation study. Engineering
models that describe the interactiare presented inSections2.1 In common,
momentum transfer to éhjet in transverse directiontesken into account to estimate
the deviation from original direction. Tkdficiency of the moving platesiattributed

to the amant of momentum transfer. In spite of their simplicity, these models proved
to be efficient in quickly comparing different flying plate configurations. For further
evaluation of the jeplate interaction, configuratiorier varying masslux ratio are

simuated.

For simplification and ease of comparison withstulated criteria (SectioB.2),

copper jets of constant diameter and veloeityimpactedon flat flyer plates of
constant velocity. The velocity and diameter of thegetl thickness ahvelocity of

the flyer plate ar@aried to achieve different assflux ratioswhile keeping all the

other parameters consta@imulations argerformed in commercial 3D Eulerian
hydrocode 8EED Simulation matrix is given ifable2.2. As it is evident from
engineering models, FMP disturbs the jet much more than the BMP as a result of the

lower phase velocity, and therefore emphasigiven to the interaction with FMP.
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Table2.2 Simulation matrix

. V V o] h '
Sim# Type | s | mms | mm] | [mm] | s
R1 BMP 5 1 3 5 0.46
R2 FMP 5 1 3 5 1.08
1 FMP 8 0.9 3 10 0.93 5
1mM* FMP 8 0.9 3 10 0.93 5
2 FMP 5 0.9 3 10 1.82 4
3 FMP 4 1.2 3 10 4.76 3
4 FMP 4.9 0.9 3 5 0.93 4
5 FMP 3.4 0.9 3 5 1.82 3
6 FMP 8 0.9 3 9 0.84 5
7 FMP 8 0.9 3 4 0.37 5
8 FMP 4 1.8 3 5 1429 2
9 FMP 4 1.2 3 5 244 3
10 FMP 4 11 3 5 1.96 3
11 FMP 4 1 3 5 161 3
12 FMP 4 0.9 3 5 1.32 3
13 FMP 4 0.8 3 5 1.08 4
14 FMP 4 0.7 3 5 0.87 5
15 FMP 4 0.6 3 5 0.69 5
16 FMP 4 0.5 3 5 054 5
17 FMP 4 0.4 3 5 040 5
* Pl ate material s strength is 1500

In the simulations, half symmetry of the interactisrtaken into consideration to
reduce the run time of simulatis. Platesizeis taken as 150x150 mm. The jet length
is taken as 150 mnBhock equation of state and John&wok strength and failure
modek areused for plate and jet materials. The meshisitaken as 0.5 mm for the
entire xaxis (along the jet axjs whereas, foryaxis 0.5 mmrdomO0 to 10 mmand
between 0.5 an#l mmupto 50 mm with a growth factor of 1.4nd 1 mm between
50-80 mm Smilar mesh size is applieidh z-axis 0.5 mm between 0 thO mm, 1
mm up to 30 mm with a growth rate of 1.And 1mm between 30 mm. The
resulting number of cells epproximately8.5 million with an average run time of 2

days per simulation. Thaccuracy due tehosenmesh size is further validated by
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varying average mesh size from 1.0 ™dawnto 0.2 mm and no sigficant change

is observed between 0.5 mm and 0.2.mm

A screenshot of the simulation modat the beginning of simulatiois given in
Figure2.4.
z

direction of
flyer plate

direction of jet segment

Figure2.4 Simulation model sefufor FMP

2.3.1. Detailed Analysis of the Simulation Results

Simulations R1 and Ra&recompared for the interaction type BMP and FMP. A

jetsegment ofconstant 3 mm diameter and 5 nsn®@elocity is impacted on 5 mm

thick high hardesssteel platemoving atl mm/ wsedocity at60Aobliquity. The

snapshots of simulationsat0 e s faodd 5BMB f or F Migurear e gi ven
2.5. The momentum diagram of jet material at transverse direction is gitaguire

2.6.
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‘ Sim #R1 at 30us ‘

Sim #R2 at 45us

Figure2.5 General interaction types for flyer plates, t8pP (at30es) and
bottom:FMP (at45¢s)
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Figure2.6 Comparison of momenta of jir #R1 andR2 at transverse direction
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It is evident that interaction witBMP slightly deflects the jet whereas wiMvP
yields in highly disruption of the jet. This result is also indicated frondigreiption
efficiencies ) of 0.46 and 1.08respectively. Furtlreconfirmation can also be
observed from the comparison of transverse momenta of theéuet® interaction
with BMP andFMP. The net momentum transfem FMPis 1.5timesthat ofBMP.

The effect of plate material strength is examined by comparison ofegion #1 and
1M. Plate materiak taken as St1006aving350 MPa yield strength) in simulation
#1 and high hangesssteel (vith 1504 MPa yield strength) in simulatiédiM. The
comparison of simulations at 3% and jet momentare given inFigure 2.7 and
Figure2.8, respectively

I

Sim # 1 at 30us

‘ .;im #1M a; 30us |

;}/V'Q\) RS ""-\-’w",/‘

Figure2.7 Comparison of simulation #1 add/ at 30g s
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Figure2.8 Comparison of jet momenta for simulation #1 4l

It is seen fronFigure 2.7 that flyer plate strength has an impact on jet disruption.
Comparison of jet material momentum change also confliiesdsult. Fronfrigure

2.8, it can be observed that harder plate transfers more transverse momentum than

the softer plate.

Simulation #1 and are compared for results of different combinations of jet velocity
and plate thickneswhich yield the same disruption efficiency 0.9Simulation

screenshots and transverse momenta of jet material are ghignia2.9 andFigure

2.10.
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Sim # 1 at 30us . \

Sim # 4 at 40us
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Figure2.9 Comparison of simulation # 1 addt 30esand 40es respectively
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Figure2.10 Comparison of jet momenta for simulation #1 dnd

The comparison of masaR ratios of simulation #1 andptedicts a similar type of
interaction which is further suported by momentum transfer to the jet material

(Figure 2.10) with a similar slope to the negativevalues.The positive values in
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momenta are a result of first impact and deflection of front portion of the

jet in

upwards directin. As the jet penetrates the plate and steady state interaction begins,

the jet is being deflected in negativalirection and the momenta gets negative

values. e comparison of the screenshots of simulatidfigure 2.9) reveat a

slightly disturbed jet for simulation #1 and a highly disrupted jet for simuladlon #

Also interaction time of the simulation #4 is higher than #1, which is also sustained

jet disruption.This results from the fact that, each configuration lies closthe

transition line between regirad and 5 ofTable2.1, and there is no clear transition

between these regimes. Thus, simulation #1 yielded interaction of regime 5, whereas

simulation # revealed regime 4.

A similar result isobserved by comparing simulatio &d5, for whichd is 1.82
Screenshots and comparison of jet transverse momenta are giigorg2.11 and

Figure2.12, respectively

g Sim # 2 at 50us

2 “'\‘le P v |

Sim#5 at 65us

,“ Ve fary

Figure2.11 Comparison of simulation Z2and5at50e and 65 ¢€'s
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Figure2.12 Comparison of jet momenta for simulatio? &d5

The predidbns forinteractions ofsimulations # and?2 fall into regimes 3 and 4
whenTable2.1 is considereddespite of the fact that their mass flux ratios are the
same As expectedno completeperforation of plates observed for simulationb#
(Figure2.11). Nevertheless, the plate is too fast and quickly gets out of line of sight
of the jet, clearing the way for the tail of the jet to escape undisturbed. On the other
hand, disruptive type of interaction is observed for simulation #2 andeasil the

momentum transfer tihe jet ishigher(Figure2.12).

In simulation 8 and9; jet diameter andelocity and plate velocity arkept constant
and the plate¢hicknesss decreased from 10 to 5 mnmheélresultingd are 4.76 and
2.44respectivelyComparison of simulation screenshots and jet transverse momenta

are given inFigure2.13 andFigure2.14.
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Sim# 3 at 42us

Sim#9 at 45us

Figure2.13 Comparisorof simulation #3and9at42and 45 ¢e€s respect
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Figure2.14 Comparison of jet momenta for simulatio®&d9

Both of the simulations #3 arfdlyield interaction in the regime 3, which can be
predicted by usingable2.1. Front section of the jet is being deflected in the upward
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direction therefore as shown Migure 2.14 momentum in airection slightly
increases in positive direction, yet, after the penetration starts, momeatisne
decrease, as the process goes on. In simulation 9, the jet penetrates more into the
plate (however not the perforation of the whole thickness) and gets more momentum
transfer in negative-direction. Inboth cases, the plate is too fast and gyigidts

out of line of sight of the jet and the rest of the jet escapes.intact

A similar comparisons made with simulations #&,and7, in which plate thickness

is taken as 10, 9 anddm respectively; and all other parametargkept constant.

The comprison of simulation screenshots and resulting jet momenta are given in
Figure2.15andFigure2.16.

Sim # 1 at 30us

Sim # 6 at 30us
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Figure2.15 Comparison of simulation # 6,and7at3 0 e€€s respectively
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Figure2.16 Comparison of jet momenta for simulation #55nd7
Thedisruption efficiency q) decreasindor #1, 6 and7, so it is expected that the jet

will be less disturbed by incraag ratio. Transfer of tansverse momentum to jet

materialsupports thigFigure2.16).

The plate velocity is deeased throughout simulation8,#, 10, 11, 12, 13, 14,15,
16 and17 and all the other parameten® &ept constanfThedisruption efficiency
(d) therefore decreaseBhe comparisons of simulation screenslaois jet momenta

are given inFigure2.17 andFigure2.18.
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Sim # 8 at 40us

Sim # 9 at 45us

| sim # 10 at 60us | 7

‘ Sim # 11 at 60us \

Sim# 12 at 60us
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Figure2.17 Comparison of simlation #8, 9, 10, 11, 12, 13, 14, 150 16 and17
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Figure2.18 Comparison of jet momenta for simulatio8, 8, 10, 11, 12, 13, 14, 15,
16and17

As the interaction regimes are examined, simulati@fal into regime 2,
simulations 8, 10, 11 and 2 fall into regime 3, simulation8 fall into regime 4
and simulabns #4, 15, 16 and17 fall to regime 5. This prediction is supported by
simulation results presented kigure 2.17, in which, the largest disturbances are
observed for simulationgl3 and 14. Moreover, the comparison tfie average
slopes ofiet momentaat the steadgtate interaction given iRigure2.19 indicates
increasing negative slopdsr #10, 11 and 2, with 12 being the highest of all
whereas similar slopes foBhnd14 and decreasing slopes 15, 16 and17. The
slopes for #12, 13 and 14 are the highest, with 12 bestightly higher However,
interaction timefor #12 is lowerasa reslt of plate moving away from the path of
the jet Thusthe total momentum transfef #12is lower than thseof #13 and14.
#14 achievedthe highesttotal momentum transfe#13 falling into regime 4,

performed slightly lowetotal momentum transfexith regard to #14, falling into
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regime 5 This suggestshat there is no shargransition ofinteraction efficiency
between regimes 3, 4 and 5.
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Figure2.19 Comparison of average slope efromentum curves faimulations

The calculation of limit velocity for regime 3 necessitates estimation of target
resistance to penetratiétaand dynamic jet yield strengty. Walters[46] suggests

R: values being equal tb-3 timesthat ofyield strengthof target materialwhereas
Rosenberdd7] suggestg-6 times This correction iR compensatefor the effects

of strain, strairrate and state of nemniaxial stress state. This correcti@ttoris
takenas5 in the calculations, and the resulting interaction efficie{@yversusvp;

(Vp/V)) plot is given inFigure2.20 for clear comparison of simulatien
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Figure2.20 Interaction efficieng versusVp; plot for simulations §-10-11-12-13-
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To sum up, simulation study proves suggested interaction regimes for FMP shown

in Table2.1, however, there iso clear cutransition ketween these regimes.
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CHAPTER 3

ENGINEERING MODEL FOR CALCULATION OF PENETRATION
BEHIND ERA

Designof ERA cassette necessitates evaluation of several design parameters such as
selection of cassette materials and their thicknesses, cassette sqétyobfithe

impact, stanebff distance of the warhead, space between ERA cassette and witness
plate(or vehicle structure)SCJ impact position and similar parametengdrocode
numerical simulations provide good results in qualitative manner howevémthe
needed for each simulation ranges from a few hours to a couple of days, depending
on mesh size. In order to achieve optimization of ERA cassettes, the design matrix
should include trials of combinations of several parameters. Thus, finding a suitable
solution will take too much simulation tim&herefore, an engineering model will

be a valuable tool for estimating the effects of such design parameters gickly

addition to hyrocode numerical simulations

Formationof an engineering model capable ldndling these design parameters
requires an understanding of the physical processes occurring during the interaction
of the SCJ with ERA flyer plates. The main physical processes that determine the
efficiency of ERA should include: 1) formation of holes the plates of ERA
cassettes when they contact with SCJ; 2) initiation of detonation in the explosive

charge; 3) explosivacceleration of plates; #teraction of moving plates wit&CJ

It is evaluated that the engineering model should be able to wigal the
aforementioned tasks, lepnsideringhe physical events in the order of occurrence
during the interactionThis chaptercovers the work done for the basics of the

engineering model and evaluation of the results
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There are several studies in laarre that cover SCJ penetration at various stdihd

distance and interaction of SCJ with reactive armor. Hancd@é{ classifies these

SCJ penetration models either empilicabr geometricdy according to the

treatmentofpar ti cl esd dri ft a n &knowniDEM Mmddel vel oci ti e
(DiPersieSimonMerendino) [49] is an example of empirical modsy of SCJ
penetrationExamples of geometrical models can be foujf8dn51, 52, 53]Works

on reactive armor models include empirical modeljg, 55] and geometrical

modeling[56].

In this study, a pragmatic choice is madefavor of empirical modeling, since
geometrical modeling will also require experimental data on drift velocities and

breakup times, and fitting of statistical modeling parameters.

3.1.Shaped Charge Jet Penetration

Thefirst object is to model th&CJpenetation into a seminfinite target, and be
able to capture the variance of depth of penetration 8@ - stand of distance
(from the shaped charge warhead cone base to the witness plate)

The main approach i® approximate th&CJas a discrete serie$ particles with
known axial velocities, lengths, positions and densities; taken as an output from
hydrocode numerical simulation of jet formation and to be used as input for the
engineering model calculations of the jet interaction with ERA and base.arheor

drift velocities are assumed zero and the reduction of penetration due to these
velocities is accounted for with an approximation mentionegkeition3.1.3 Then,

a hydrodynamic penetration is assumed to take placeiclearare assumed to
elongate during the flight to the penetration channel because of the velocity gradient

in the jet. This elongain ends as breakup takes place

3.1.1 Penetration Velocity
Penetration velocity is calculated from the theory of AlekseeVaie[44, 4] by the

following equation.
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~.

Y - (3.9

In 3.1, it is important to note that the target remmte to penetratioRy is different

than the target resistance to hole grofth which will be assessed later.

3.1.2 Semtinfinite Target Crater Diameter
Targetcrater diameteformed by the impact of a jet particle dme semiinfinite
target is calculatedyithe Szendrei equatiqb7].

0 @ — (3.2

3.1.3 Calculation of Penetration

Thejet is assumed to elongatetivut any drift veloci up to breakup time. After

that, the particles are assumed to disperse andtddamgate any more. The

depth of penetration is calculated with the following equations along the jet, up to
penetration cuiff velocity [54].

- Y
Qb — ¢ . . .

0 SRy a 0 0 (3.3)
'Q . '?Y . “Q . . &

v NEGY ap Q 0 0 (3.30)
0 Q0 (3.9

It should be noted that Equation 3@ecounts for the penetration of jet padgl
before the break up whereas EquatioBb3applies after the lbak up[58]. In

Equation 33b, g is the gapdistance between particles, rRdimensionalized with
respect to jet piece length agelis an empirical parametéhat accounts for the
quality of the warhead, generaltgken as4-6 for small or norprecision shaped

charges. The breakp times are calculated as given by Handd&. Theelongated
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length of the jet particlat the time of impacts calculated with the following

eqguations.
a a o Yo 0 0 (3.59)
a a oYw 0 0 (3.5b)

Correction of the jet diameter is also madedsguming that there is no volume

change

Q -0 (3.6)

3.2.Breakup Times

A breakup modeis needed to model the penetration of particulated fet. model
from Hancock is employed to estimate the breakup tiofigst segmerst [48]. His
model assumes &&up time duratiorty is related to thelope of accumulated mass

curveof SCJ

ot [oXV)(o]V (3.7

where,cy is the necking speed. The assumption is, all particles are originated from
the virtual origin, at time zero, thereforig,is needed to make a conversion to
calculate breakip times of particles according to clock of the model. Breakup time

tp, according to model clock is deduced from virtual origin t(figure3.1):

t o o 3.9)
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tyg jetaxis

virtual
origin

Figure3.1 Model and virtual origin clock demonstration for a sample jet particle

3.3.Penetration Cutoff Velocities

Modeling of drifting and tumblingof jet particlesand hencehitting edges of the
penetation channeis not taken into account. Therefpreis necessary to define at

which point, the shaped charge jet ceases penetration process. The choice is to use a
penetrationcutoff velocity criterion and omit penetration of slower particles
accordingo Umin model of Hancock48]. This modelwill be a plausible assumption,

since, the cutoff velocity will be a function of staoff distance.

In his modelthe minimum penetration velocitymin, is assumed to be a function of

radial drift of particlesk and jet particle brealp radiuss:
Y Yp @A (3.9)

where,Ug andb are model parameters. It is assumed that particle drift occurs at a
velocity vq beginning from the virtual origin, so that

17 0 o o (3.10

Moreover,it is assumed that brealp time duratior and breakup radiusry are

proportional with necking speed along the entire jet:

T 0 1 0TD (3.11)
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Finally, penetration cutoff velocity. will be found byequating average penetration

rate to zero

— Y n (3.12)

where, 0 =/ ,-)‘(, if hydrodynamic penetration is assumed.

3.4.Interaction with Reactive Cassette

Interaction of shaped charge jetith the reactive cassetis handed with the

following sequence:

SCJ penetrates the BMP acrdter fole) growth is initiated

SCJ penetrates the FMP arrdter fiole) growth is initiated

= = =/ =2

The escaping parts acalculated taking into account:

0 Thecrater fole) closuredurationsfor BMP and FMPfor escaping
jet precursor

o Life durations of BMP and FMP for escapingtgt (i.e. when the
plates get out of line of sight of the jet flight axis)

As soon as SCJ touches the explosive layer, flyer plates start to accelerate

The residual penetrain is attributed to precursor parts and undamaged tail of the

jet.

Schematic view of the model setup is givefrigure3.2.

54



Figure3.2 Schematic view of the model setup

3.4.1 Plate Aceleration
Final plate velocity as a result of explosive acceleragoralculated by using the

Gurney velocity approad31, 59, 60]

©
N
ofc:

o
N
04 C3

- (3.13

Acceleration of the flyer plate is calculated with the help of an exponential

expression. Therefore the velocity of the plate at timeapjgroximatedy Equation

3.14[61]. In Equation3.14 U is the acceleration ti me

@ @ p Q- (3.14
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3.4.2 Crater Radiuson Flyer Plate
The interaction othe jet tip with the flyer plate forms erater (hole)on the flyer

plate.Craterradiusin the flyer plate is calculated with the help of N&2] formula

i i i1 ¢ —o (3.19

te is the interaction time proportional to tbeaterizatiortime:

o | — (3.16

where, Up is the penetration velocity and is an experimentally determined
coefficient set byNaz to be 4.5

3.4.3 Crater Closure Duration

The hole is imparted on the plate as the jet penetrates. After the activation of the
explosive layer, the plate is accelerated in acute direction to the jet flow. Therefore,
the edge of the hole touches the jet fldws@me time. This is termed as hole closure

durationtc and found by the solution of the following equality.

— & 6 - to— (3.17

It should be noted that, flyer plate starts to accelerate after the detonation wave
travels distance..

3.4.4 Flyer Plate Life Duration

As the flyer plates have finitetiral dimensions in real case, it is therefoecessary
to define the life duratioof the flyer plate as it gets out of line of sight of the SCJ
flight direction.

For the BMP, lifedurationtsmp is found by solving the following equality. Sketch
regardirg the interaction is given iRigure3.3.
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— w 0 — 1Q (3.18

SoD,

v

L,/sin6

A

Figure3.3 Sketch showing dimensions on BMP

The case is however different for the FNFRgure 3.4 and Figure 3.5). The flyer
plate would either move out of line of sight of the SCJ flight dired(fiost case)or
hit the base armor and stop its mot{gecond case)f the following inequality is

satisfied, the late will move out before hitting the base arrffost case)

0 Q0 T @ — (3.19

In this casethelife time trvp is the solution of the following equaliffFigure3.4).
— o o - to— t (3.20

In thesecondcase FMP hits the base armand stopshus,thelife time temp is the

solution of the following equalit{Figure3.5).

o o (3.21a)

0 (o T o T o) ©  oe Tt (3.21b)
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Figure3.4 Sketch showing FMP interaction for the first case

FMP

hemethexetheve)

SOD

Figure3.5 Sketch showing FMP interaction for the second case

3.4.5 Calculation of Residual Penetration

Craterradii are calculated considering the first particles that touch the flyer plates.
Moreover, the activation time of explosive layercaculated for the first particle
after the penetration of the BMPhis durationis added taraterclosure and flyer

plate life durations.

o (3.22

It takes some time for the edges of the holes on the BMP and FMP to reach the flight
path of the SCJ. Also the plates may move out of the flight path or the FMP may hit
the basearmor and stop. Therefore, some jet particles escape the reactive cassette

without any interaction with the flyer plates.
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For the " particle to escape the BMP and FMP befonaterclosure, the following

inequalities are checked respectively.
ng o 0 YO — (3.23

RE o O YO (3.24)

For the 1" particle to pass BMP intact, as BMP moves, dollowing inequality is
checked.

AE 6 U YO — (3.25

Following inequalities are checked for interactionn#MP, for the case inequality
in Equation3.19holds or does not hold respectively.

RE o 0 YO (3.269)
RE o6 O YOO (3.260)

After the escaping padies are determine&tquations3.3and 34 are called for these
particlesto determine theesidual penetration due to presor andthe tail part of
the shaped charge jet that escapes without having any interaction with the ERA

plates

3.5.Shaped Charge Jet Input Preparation

The analytical model accepts jet information as thetipos velocity, radius and
density of each jet segment or particle. The informatiexcept the radius
distribution is easily taken from simulation result at any instant; however, some

calculations need be performed to get the radius as a functionitidpos

Jet formation simulationare performed up to a point where the jet tip reaches the
built in stand of distance of the shaped charge device. Then, the following

information as the mass per unit velodityi/dv, strain rateq ( vandtdégnsity (v,t)
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data are extracted from the simulation file. ThesingEquation3.27[63], diameter
d(v,t)data is calculated for the SCJ.

h
- (3.27)

- ” C)Fib _

The CAD model of the test warhead igpared for the liner, casing and the explosive
material. Then, 2D jet formation analysssconducted with SPEED hydrocode. The

setupis prepared with 0.1 mm mesh size in both directiéigu(e3.6).

Air
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Figure3.6 Jet formation model
Thejet formationsimulationisrunfor32e s. The r es ulRgureBg. | et
Vel
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Figure3.7 Velocity fringe plot of the jet

Jetvelocity as a function gdosition is plotted ifrigure3.8. Tip velocity is calculated
as 8437 m/s as compared to 8628 m/s, 8475 m/s, 8301 m/s and 8000 m/s after

recordings from 4 test firings
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Figure3.8 Velocity distribution along the jet obtained from jet formation

simulation
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CHAPTER 4

EXPERIMENTS AND SIMULATIONS

This part of the thesis covers the work done in experimetidiesandnumerical

simulationsperformed to analyze thexperimerdl results

4.1.Experiments

Experiments are performed for the investigatid shaped charge jet interaction with
nonsteel reactive cassettes. Firgt,iavestigation of the available materials from
international vendorsis conducted. Following materialare selected from

commercially available ballistic materials within thadget of the project

Alumina (different grades available)
SiC (Silicon Carbide)
B4C (Boron Carbide)

= =2 =4

Borosilicate glass

After the selection of candidate materials, it is necessary to form the testing plan for
the procurement of materials. Following decisiaremade to limit the number of

free variables in the design space:

o Areal density ikept the same for comparing different materials.

0 Symmetric cassette structuseemployedin terms of areal density, ie. the
weight of the BMP and FMBrethe same.

o Obliquity of the cassette lept the same for all configurations.

0 SOD iskept the same for all tests.

o Distance between the (frofdce of the) cassette structure and the witness
plateis kept the same for all tests.

0 Explosive thickness ikept the same for latonfigurations.
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o Test warhead ithe same for all tests.

4.1.1 Material Selection

4.1.1.1. Test Charge Selection

The warhead that is used in experiments has a liner diameter of 66 mm. It is
composd of four main parts, which ampper linersteel casingnain chargeand
booster charge. The apex atingdtheknessist h e
mm. The main explosive charge is octol, and initiation is achieved by a tetryl booster,
which has 20 mm diameter and 10 mm depth. Standar® MNee electrical

detanators are used to start the firing process

RHA penetration testare performed to have a basis for calculations of ballistic

efficiency.

4.1.1.2. Explosive Sheet Selection
Two different alternatives of explosive shaatavailable at the time of study. These

are:

1 Primasheet 2000 sheet explosive from EBAD, USA,; containing 87% RDX
1 Semtex Pl SEM sheet explosive from Explosia as, Czech Republic;
containing 87% RDX.

3, 5 and 7mm thicknesssof Primasheet 2008heet explosiveés procured.lt has
1.60 g/cni density ad 8200 m/s velocity of detonation, as reported by the vendor.
Its surfaces are sticky, which is useful to fix the flyer plates in construction of ERA

cassette.

4.1.1.3. Flyer Plate Material Selection
The selected candidate materials are alar(ih>O3) 99.5% alumina 98% silicon
carbide GiC), boron carbidgB4C) and borosilicate glasSelection 8 made based

on proposed physical and mechanical propertiesaaaithbility from the vendor

Materials thatareprocured from international vendors are givei @ble4.1.
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Table4.1 Procured Materials

No Cor&]?r(ne(ramal Material Vendor Dimensions| Thickness
1 AK99.5 Al;,0399.5% | Barat 100x100 mm| 8.1mm

2 AK99.5 Al;,0399.5% | Barat 100x100 mm| 12.1mm

3 Corbit 98 Al>03 98% Bitossi 100x100 mm| 11.2 mm

4 Corbit 98 Al>03 98% Bitossi 100x100 mm| 16.8 mm

5 | Hexoloy SA SiC SaintGobain| 6 0 X 6 0 10 mm

6 | Hexoloy SA SiC SaintGobain| 6 0 X 6 0 15 mm

7 HPB4C B.C Coorstek 100x100 mm| 12 mm

8 Borofloat 33 Borosilicate | Schot 300150 mm| 15 mm

9 Borofloat 33 Borosilicate | Schott 300x150 mm| 21 mm

Properties of thgorocuredmaterials are given imable4.2.

Table4.2 Materialproperties for ceramic mateisa

Pré’faenr(tjy\ Unit | AK99.5|Corbit 98| Hexoloy SA|HPBA4C | Borofloat33
Composition - Al203 | Al203 | SiC B4C Borosilicate
Density kg/n? | 3910 | 3870 | 3130 2510 | 2220
Hardness kg/mn? | 1530 | 1428 | 2500 3200 | 480
(Knoop)

Compressive

SvengthatR( MPa [2500 |2240 | 3900 2500 | 1300[64]
Fracture MPa.nt? | 4 3.7 3 25 |08
Toughness

4.1.2 Construction of ERA Cassettes

Within the context of thethesis symmetrical three plate ERA cassettes are
constructed that consist of a front plate that faces theesheharge jeBMP), an
explosive layer, and a back pldEMP). Armox 5000 steel plate with 3 mm nominal
thickness (3.0-0/+0.8mm thickness tolerance with 3.6 mm average measured
thickness) is chosen as a reference configuration for comparison purpbses.

thickness of the explosive layer is taken as 3 mm for all constructions

Five different candidate materials are taken into consideration as altestateel.
The thicknesses aferamicplates aregyroundto represensimilar areal densitieas
steé plates. This ensurds achievea close flying velocityasthat of thesteel flyer
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plates The candidate brittle materials are as follows: ¥ &umina (AK99.5

supplied from BaratR8% alumina Corbit 98 supplied from Bitossi), silicon carbide

(HexoloySAE supp!l i eGobdny, morn carhide (HPBAC, supplied from
Coorstek), and borosilicate glass (Borofl oa

construction consists of an explosive layer and two flyer plates on both sides.

ERA cassettes possessedeometry of 300 x 150 mm. Steel and borosilicate glass
plates are manufactured as single plates. Silicon carbide and boron carbide plates are
constructed from multiple 150 x 150 mm tiles whereas alumina plates from 100 x
100 mm tiles. The construction tife tile assembly ensured that gf@ped charge

jet will hit the center of a tileHigure4.1).

/
/

(7]
/[ /

~- L~

Figure4.1 Manufacturing of flyer plates from smaller tiles (left: from 100x100mm
tiles, right: from 150x150mm tilgs

The flyer platehicknesses argiven inTable4.3.
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Table4.3 Thicknesses of the flyer plates

Material Brand Thickness

[mm]
Steel Armox 500T 3.6
Steel Armox 500T 4.6
Steel Armox 500T 6.6
Alumina99.5% | AK99.5 8.15
Alumina 98% Corbit 98 8.2
SiC Hexoloy SA 9.7
B4C HPB4C 11.7
Glass Borofloat 33 15.0

4.1.3 Experiment Plan and Test Setup

It is decided to follow thestepsbelow.

U Penetrabn into RHA at built in SOD of the warhe&@iable4.4)

U Penetration into RHA at different SGTable4.4)

U Steel/Steel cassette configuratiorisree different areabensities three
different explosivehickness, twalifferent obliquity(Table4.6)

U Steel/Alternative Material cassette configurati¢hable4.7)

U Alternative Material/Steel cassette configurati¢hable4.7)

U Performance of chosen Alternative Material/Alternative Material cassettes

(Table4.7)

A standard test setup used in all tests. Fixtures for placing the warhead and ERA

cassettaredesigned and manufactured accordin§iture4.2.
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RHA witness pack
(SOD) 125 mm 200 mm from 25.4 mm plates

"EEEE:::_E RA Cassette
Figure4.2 Sketchof the standard test setfgr ERA cassettes

The test fixtures for holding warhead and target plate are manufactured from wood.
The test configurations for RHA DOtests and ERA tests are givenFigure 4.3
andFigure4.4 respectivelyThe angled fixture supports the ERA cassette from sides,

so the jet does not encounter any wood material inside of the support.

Figure 4.3 Testlayout for DOP testing
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Figure4.4 Standardest layout for reactive cassettes

4.1.4 Experimental Results
Within the context of the experimentsiudies, four different groups of testare

organized.

First, the ballistic penetration performarafghe 66 mm test warheaslinvestigated
by employing different standff distancesand by using RHA witness platéstests

areperformed to see the effectsthndoff distance on penetration.

An electric circuitry arrangementvhich includes makscreens,s used in some of
the tests. Makacreens composed of an open circuit, whgBhorted when the
shape charge jet touches the maloeeenlayer. This way,time-location dataare

collected for 6 tests

Next, the ballistic protection performance of stegblosivesteel @assettes si
examined. In the tests, three different areal density vatesonsideredwvithout
changing the explosive thickness and obligjddditionally, the effect of flyer plate
velocity is examined by increasing the explosive thicknessly, asie effect of
obliquity is tested. Allhe cassettesresymmetric i.e. the thickness (and mass) of

theBMP andFMP are the samdn total17 testsareperformed

Then the ballistic protection pgormance of hybrid cassettes investigated by
selectively alternating the forward moving plate (FMP) and backward moving plate
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(BMP) with alternative materials. Silicon carbidéyo grades ofalumina,
borosilicate float glasandboron carbideareemployed as alternative materidis.

total 27 testsareperformed.

Lasty, ballistic performance of adliternative material cassettesvaluated. Silicon

carbide and alumina plateseselectedTotal of 8 testsareperformed.

4.1.4.1. Stand-off Characterisation of Test Warhead
Depth of penetration versus staoid distance chaxderistic of the test warhead i
determined througfi static firing testson rolled homogenous arm{fRHA) target

stacks. A view of a typal test configuration is given Figure4.5.

Figure4.5 Test setup before static firing

Test results are summarizedTiable4.4. The teswith makescreen measurements
aremar ked by Allthéresslti arplatédin depth of penetration versus

standoff distance graph, and a curve fittirggperformedKigure4.6).

Table4.4 Test Results for Depth of Penetration at Different St@ffdDistances

Test # SOD [mm] DOP [mm] Measurement
1 325 170.9 No measurement
2* 125 280.4 M1
3* 325 159 M2
4* 125 260.5 M3
5* 175 211.7 M4
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Test # SOD [mm] DOP [mm] Measurement
6* 275 180.8 M5
7~ 425 148.3 M6

300
280—- O
260 O,
"E*240—-
E
= 220
S o
% 200
E 180
o
160 O
'\ﬂ
140 !
100 ' 1%0 ' 200 ' 2%0 ' 3(I)0 ' 350 ' 4(|)0 ' 450

Stand-off Distance [mm)]

Figure4.6 Depth of penetration versus staoifl distance curve fothewarhead
obtained from test data

Make-screensare placed between witnesdRHA blocks in order to record the
passing/arrival times of shaped chargeTfgpical setup is given ifkigure4.7. The

recordings are given ihable4.5.

Figure4.7 Setup for makescreen measurement

71



Table4.5 Make screen measurements

M1: 125mm M2: 325mm M3: 125mm
Pos. Tim~e Pos. | Time | Pos. Tim~e

[mm] | [ [[mm] | [ & [[mm] | [ &
0 | o [ -200]|-2318 0 | o

254 | 7.37 0 0 254 | 6.85
50.8 | 13.09] 254 | 6.08 | 50.8 | 12.71
76.2 119.47| 50.8 | 12.92 | 76.2 | 20.61
101.6] 29.2 | 76.2 | 43.66 | 101.6| 27.25
127 | 37.8 | 101.6| 54.82 | 127 | 3541
152.4| 46.9 | 127 | 66.42 | 152.4| 49.75
177.8| 58.8 | 152.4| N/A | 177.8| 61.44
203.2|71.78| 177.8| N/A | 203.2| 74.17
228.6 | 84.88| 203.2 | 126.32| 228.6| 89.01
254 1102.7| 228.6 | N/A 254 | 108.7
279.41153.8| 254 | N/A | 2794 -

M4: 175mm M5: 275mm M6: 425mm
Pos. Tim~e Pos. Tim~e Pos. Tim~e

[mm] | [ & [[mm] | [ & |[mm] ]| [ &
-50 | -5.9 | -150 | -18.07]| -300 | -37.5

0 0 0 0 0 0
508 | 11.9| 50.8 | 18.13| 50.8 | 12
101.6| 25.08] 101.6| 34.28 | 101.6| 27.1
152.4|45.52| 152.4| 62.69 | 152.4| N/A

4M1: 125mm representdeasurement 1 at Staw@ff Distance 125mm

72



300

|
— M1 |
—= M2 //
25041, ... M3
| |=-=-M5
200 / -
. -~
. Vd
3 | / r”
. ”~
£ 150 AR _ 2
06 / o L
Q 1 /’/ /
. / 7
100 //- "
‘ /
| e
50 4” ]
/
17
0 Ll T L I T Ll I L Ll g I
0 20 40 60 80 100 120 140 160

Time (us)
Figure4.8 Make-screen data comparison for tests with different 36andOff
Distancé (DOP: Depth Of Penetration)

Jet tip velocity $ calculated a8628m/s, 8475m/s, 8301m&nd 8000m/safter
recordingdor M2, M4, M5 and M6 tests, respectively.

4.1.4.2. ERA Cassettes
The ballistic protection performance of proposed ERA cassattésvestigated by

static firings and measuring residual depth of penetrations in rollewdenous

armor witness plates.

First, perfornance of steebkteel cassettes investigated to form bases of comparison

for alternative flyer plate arrangemenERA cassettes had a size of 150x300 mm,
and the 300 mm side is placed in angle with respect to the warhead. Steel flyer plates
are Armox 500with 3, 4 and 6 mm nominal thicknessThe e&plosive layer is

Primasheet 2000, with 3, 5 and 7 mm thickees3he detonation velocity of
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explosive sheet is 8200 m/s and density is 1.60 t#sngiven in material datasheet.

The results of the tests ararsmarized inTable4.6.

Table4.6 Summary of steel/explosive/steel ERA test results

Residual Penetration
[mm]

{3.6St/3/1365t } a 56.8 55.8 51.7

{4 .6St/3/46St} at6 0 / 49.2 36.7,27.4

Configuration

(6.65U3/665t } a| 79.266.986.1
{3.65U3/365t } a| 76.255493.2
{3.65U5/365t } a| 555 28.7 245
{3.65U7/365t } a 40.7,27.4

Then, forward and backward moving plates changed with alternative maialis
with the same weights, in order to understtraleffects on residual penetration of
those materialsThe results are summarized Trable 4.7. The thickness of the
explosive layer is 3mm for all testd.sample test setup cdre seen irFigure4.9.
Alternative materials are alumin89.5% (AD99.5, silicon carbide (SiC)boron
carbide (B4C), glass and alumina 98898). Steel (St) is Armox 500T brand from
SSAB AB.

Table4.7 Summary ofalternative material flyer platest results

Residual Peretration
Target

[mm]
{3.651/3/8.15AD99.53 @6 0 A 44.557.4 37.7
{3.6St/3/9.7Si C} @60 A 26.441.482.3
{3.6StB3/15Gl ass} @6 103.6 82.9
{3.6St/3/8.2AD98} @6 0 A 54.2,48.4 50.2
{3.6St/3/11.7B4G @6 0 A 77.9
{8.15AD99.93/3.65t } @6 ( 73.3 56.5

{9.7SICR/36St } @6 0 A 60.1, 20.1, 39, 27.2
{15GlassB/36St } @6 0 A 69.2 76.5 48.4

{8.2AD98/3/3.6S% @6 0 A 24.1,20.2 27.2
{11.7BACB/3.65t } @6 0 A 59, 34.9 39.9
{9.7SiC/3/8.15AD99.5 @60A 61.2 18.324.3
{8.15AD99.53/9.6SiG @60A 26.4 43.8 51.6
{8.2AD98/3/8.15AD99.5 @60A 36.441.5
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Figure4.9 Test setup for ERA cassettes

Mass efficiency (EM) of ERA cassettes &éaulated byusingEquationl.8.

4.2.Simulations

Numerical simulation study is performedtirecommercial hydrocode SPEHB5].

First, shaped chargget formation simulation is performed to characterize the jet
produced by the & warhead. Then, this jet is used to evaluate the initiation
detonatiortimes of ERA cassette configurationgh differentBMP materials Once

the initiation times of the explosive layaare determined, ERA cassette impact
simulation is performed tobserve the events that take place in the interaction of
shaped charge jet with the flyer plates. Lastly, ERA flyer plate acceleration

simulations are performed without including jet impact

4.2.1 Jet Formation

Jet formation simulations are performed in 2D agi@hmetric modeling with the

help of Eulerian solver. Liner is modeled with John€mok strengtimodel [66]

and failuremodel[67] parametersf Cu (OFHC)with shock equation of stafé8].

The samenaterial model types are used for steel casing. The main explosive charge
(octol) and booster charge (tetryl) are represented with shock equations of state for
unreactecexplosivematerial[69] and the JWL model for the detonation products

[69, 70] The detonation point is specified as a single point bethiedooster charge.

The mesh setup is prepared for a space of 50 mm in radial direction whereas 270 mm

in axial direction (which can be extended for investigation of jet elongation analysis).
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The origin of the axial axis is taken to be the bases of the liner. Cells with centers
greater than 20nm in radial and 50nm in axial direction are filled with unused
material to save computational tinlehed F | auty b o u corbliéianig applied

to allow exit of the detonation productd the boundaries of the mesh aréhe

simulation setup is given iRigure4.10.

air
B <. ortc)

Steel 1045
Octol
B octor v
Tetryl
Tetryl Jw1

Figure4.10 Simulation setup for jet formation

Jet formation simulations are performiegl using mesh sizes ranging betw@e?b

and 0.10 mmA satisfactory onvergence iachievedor the jet tip velocity anthe

jet velocity distrbutionat 0.10 mm mesh siz&he formed jet is elongated to SOD
(Figure4.11). Then,the frontpart of the jet (that participates in penetration process)
thathazy e | oci ti es gr eisaused for remppagintoBD gmulationsO s

assuming that theenetratiorcutoff velocity[71]isn ot | ess t Fkigure 3. 0

4.12).

1000

. 2000

Min = -182.651
Max = 9826.42

Figure4.11 Formed jet (at 20 ¥
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Figure4.12 The frontpart of the jet

4.2.2 Initiation of the Explosive Layer

Whenmodelingthe detonation ofhe explosive layer is consideretlyo different
approacksargp o s si bl er.n Foinr stti,mefiocb uno d edsingid@L c a n
[72] model together with usetefineddetonationpoint and time The other way is
toassuma n nAi gupgrowthoypype 06 model S (i78]lor Hestery L e e
Variable Reactive Burn (HVRB|74] model The use of ignition type of material
models is limited to problems such as detonation of the explosive layer with impact
and it is not suggested to use these models fog plateleratiof65]. Thereforejt

is decided to uskee Tarvedetonatiormodelfor determining the location and time

of detonation fothe explosive layer. Thersimulationsfor flyer plate acceleration

and jet interactionare performed withJWL explosive model and usdefined

detonatiortime and location.

Detonationtimes for reactive cassettes with different &ypé BMP materials are
decided with simulations. Explosive material is modeled with Lee Tangstel
parametersfd®BXN-110[75]. The thickness of the explosive layer is keptr@ for
all the simulations in the study (similar to the experimental matiiklese
simulations are run for fivdifferent BMP materials, namely Armox 500T, Al203
99.5%, SIC, B4C andlassby keeping thé=MP steel(screenshots fodetonatio
times for Armox 500T and 99.5% Alumina are giveifrigure4.13andFigure4.14,
respectively. HVRB model is applied inwo configuratiors for comparison with

Lee Tarver.
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Burn Fraction {lgnition)
]

Figure4.13 Ignition simulation for 3.6mm Armox 500BMP°

Burn Fraction {Ignition)
H

Figure4.14 Ignition simulation for 8.15mm 99.5%uahinaBMP®

Detonation times of explosive layer with respecBtdP (front platg is given in

Table4.8. Note that, starting time of simulationis@% , t he i nstant at whi
formation is ended and the jet from 2D simulati®memapped into 3D simulation

setup. It is seen that, Ldarver and HVRB models yield the same results in terms

of detonation times.

Sstart of detonatiod et ect ed at 33.6¢s

6st art of detonation detected at 35¢s
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Table4.8 Detonation times of ERA configuratioesncerningBMP

BMP Detonat i on T
3.6 mm Armox 500T 33.6

8.15mm Alumina 35

9.7mm Silicon Carbide 35.6

15mm Glass 36.8

11.7mm Boron Carbide 35.7

3.6mm Armox 500T (HVRB)| 33.6

8.15mm Alumina (HVRB) 35

4.2.3 Interaction of shaped charge jet with ERA cassettes

Shaped carrge jet impact on ERA cassetteialuated with 3D numerical hydrocode
simulations. The simulation setup is established large enough to accommodate
maximum 40mm thick ERAcassettes (at 60A i mpact ang
shaped charge jet. Half symtny is employed throughout all 3D numerical
simulations. The element size is kept b at the direction of the impact-éxis)

and at the other direction-gxis) lying in the symmetry plane. In the direction
perpendicular to the symmetry planeais), 0.5mmis attained for 1énm (keeping

in mind, it is in the vicinity of the impact) and the sisegradually increased to 2

mm at 80nm distanc€mesh size is 5mm greater than the half plate size ofriip

Simulation models consistedore than 13 milbn elements

Next, material models for the flyer plates are selected. It is decided to ethploy
JohnsorHolmquist2 material model[76] for alumina, silicon carbide, boron
carbide and glass, and Johngbook strength model foArmox 500T material in

ERA. Material model parameters for alumina (99.5%), silicon carbide, boron carbide

and glass are given ifable4.9, and for Armox 500T are given ifable4.10.

Table4.9 Material model parameters of nometallic flyer plates

Parameter Al203 | SiC B4C | Glass
[77] [78] |[76] |[79]
Ref. Density 3890 3163 | 2510 | 2530
Bulk Modulus K1 (GPa) 231 204 233 45.4
Pressure Coefficient K2 (GPa -160 0 -593 | -138
Pressure Coefficient K3 (GPal 2774 0 2800 | 290
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Parameter Al203 | SiC B4C | Glass
[77] [78] | [76] |[79]
Spec. Heat Capacity cv (J/kg/t 850 810 900 503
Shear Modulus G (GPa) 152 183 197 30.4
Hugoniot Elastic Limit (HEL) | 7 14.6 |19 5.95
(GPa)
Tensile Strength T (MPa) 462 370 260 150
Intact Strength Coeff. A 0.88 0.96 |0.927 | 0.93
Intact Strength Exp. N 0.64 0.65 |0.67 |0.77
Strain Rate Coeff. C 0.007 |0 0.005 | 0.003
Frac. Strength Coeff. B 0.45 0.35 | 0.7 0.088
Frac. Strength Exp. M 0.6 1 0.85 |0.35
Max. Fracture Strength 1 0.8 0.2 0.5
Damage Coeff. D1 0.0125 | 0.48 | 0.001 | 0.053
Damage Exp. D2 0.7 0.48 |0.5 0.85
Bulking Factor beta 1 1 1 1

Table4.10 Material model parameters f&rmox500T[80]

Parameter Value
Shear Modulus G 84.12 GPa
Initial Yield Stress A 1470 MPa
Hardening Constant B 702 MPa
Strain Rate Constant C | 0.00549
Hardening Exponentn | 0.199
Temperatte Exponent m | 0.811
Melting Temperaturef | 1800 K
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PBXN-110 materials being employed iall numerical sinulations

The explosive layer is modeled with JWL equation of gtaieameters oPBXN-
110 material. PBXNL10 has 888% HMX content, and it is evaluated that it will
provide slightly highedetonation pressurgith respect to Primasheet (87% RDX).
Since the aim of the simulation study is to provide comparesasincethe same

percentagef numericalerror caused bythese two explosiveis almost the same

3D numerical simulation is performed for ste&del cassettes. TheBiMIP andFMP
of ERA cassettes are switched with alternative material plates, keeping the areal

density constant. A view of the typical stag configuration is given ikigure4.15.




Note that the explosive layer is not rendered for viewing the interaction of jet and

plate.The starting time of the simulationis82s, whi ch i s t.he | et

Cu (OFHC)
Steel ARNOX SO00T

Figure4.15 Simulationsetup for ERA anghape chargget interaction
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CHAPTER 5

RESULTS AND DISCUSSION

5.1.Penetration of RHA and SteelSteel Cassettes

5.1.1 Verification of Shaped Charge Jet Penetration for Engineering Model
Shapedcharge penetration rurase performed forthe test charge 066 mm cone
diametemwarheadlevice. The stand of distaniséakenas 125 mmwhich represents
the builtin standoff distance (BISO)f the warheadTime-resolved penetration
data collected from testfor Test #2 inTable4.4 with corresponding measurement
data M1 inTable 4.5, given inFigure 5.1) is used br validation of penetration
velocity Up, target resistance paramefs andjet strength parametéf. It is seen
thatanexcellent matchetween the analytical and test resattcurs at the beginning
of the penetration where tHeading parts of the SC (which have the highest
velocities)are in action. Therefor¢ghe hydrodynamic regimes dominanttherefore
strength effects ar@iminished and errors imynamicstrength approximatiohave
limited effect However, at later phases of the penetratioa)ydic and test results
diverge and variation is observedetweentest resulk. It is evaluated that the
difference between the analytic calculatiand test reading emanates frahe
relatively simple approximation of target and jet strengtim&l posdile errors of
accuracy inthe data acquisition system of thest setup. The approximatiaf
dynamic strengths in penetration equati@i® assume single strengtlvaluefor
each material im highly dynamic phenomenon
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Position [mm]

Figure5.1 Comparison ofitne-resolvedet penetration into RHAtBISO

Moreover, cratediametersn the target plates are comparedrigure5.2. These
results validate the selection B and Y; valuesand cafirm the velocity and
diameter distribution along the shaped chargeTkis comparison is significant
sincethe velocity and the diameter of the shaped charge jet particle decide the crater
diameter on the flyer plate. The crater diameter on the flgég pas the most severe

effects on thecalculation of the length of jet precursor, along with the flyer plate

velocity.
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Figure5.2 Craterdiameter versus position graph comparison of test results and
engireering modetalculations

A comparison ofdepth of penetration (DORJatais given inFigure5.3. It is seen

that the model carepresent the staraff distance behavior of the jedlthough the
penetration at buiin standoff distance is less than the test resuttss evaluated

that representation of penetration value at 325 mm siffratistance is critical since,

it representghe position of witness block in test configuratidtigire 4.2). The
variation on the penetration value at BISO is caused by the modeling of the tip part
of the jet, which deviates from the flight path of theggt result of drift velocities,

at longer stanaff distances.
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Figure5.3 Depth of penetration (DOP) as a function of staffddistance (SOD)

5.1.2 Verification of Penetration Behind ERA for Engineering Model

Comparison of test results with engineering model for vargitegl flyerplate
thickness is given irFigure 5.4. The explosive thickness angactive cassette
obliquity with respect to shaped charge jet flight directekept the same and flyer
plate thicknesss varied for a symmetriccassette(i.,e. BMP and FMP layer
thicknesses are equallhe test results indicate increasing residual penetration up to
6mm flyer plate thickness. The comparatively low value of residual penetration for
4 mm flyer plate configuration is attributedvariationin warhead performancé&he

model foresees an increasing residual penetration with increasing flyer plate
thickness, up to 6 mnThe residual penetration is calculated from combined effect
of flyer plate velocity and crater diameter on the flyer plate. The flyer plate velocity
decreases ith increasing plate thickness since, weghtof the explosiveharge is

not altered The crater diameter, on the other hand, decreases with increasing flyer
plate thickness. Thus, the aforementioned two contrasting effects are calculated and
the resuling trend is increasing residual penetration (i.e. decreasing performance of

the cassette) with increasing flyer plate thickness.
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Figure5.4 Residuabpenetratioras a function bsteelflyer plate thicknesx/3/x at

60A)
The dependence atsidualpenetration orNATO angle of thesteel cassette is
examined by tests and comparison vétigineering modetalculations is given in
Figure5.5. The thicknessesf each lagr of the cassettes kept the same and the
NATO angle(i.e. respective angle between the normal of the FMP and the shaped
charge jet flight path} varied. It is seen that the trendhiodelcalculationcorrelates
well with the test resultsThis is an &pected result since the length of the jet
precursor is determined with the time duration that the edge of the initial crater
intersects with the flight path of the jdthe length of the jet precursor determines
the residual penetration. Theelocity of he flyer plate is decomposed into two
directions, which are parallel and perpendicular with respect to jet direction. The
perpendicular component increases with increasing cassette obliquity. Thus, the time
needed for the edge of the crater on the flyatepto travel and touch the jet flight
path decreases. As a result, crater closer happens sooner for cassettes of high
obliquity. Once the interaction is established, the jet precursor is estalaisthéiae

tail parts of the jet are disrupted or defledgdhe flyer plate interaction.
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Figure5.5 Residuabpenetratioras afunction of NATO angle (3/3/3 at A )

Theimpactof explosive thickness also investigated by tests, in whisteelflyer

plate thicknes and obliquity of the reactive cassetteemained unchanged.
Comparisorof the experimental results with the model resultgven inFigure5.6.
Increasing the thickness of the explosive charge resulishigher velocity of the

flyer plate. The time needed for the edge of the crater on the flyer plate to reach is
decrease for faster moving flyer plates. Thus, the length of the shaped charge jet
precursor decreases with increasing explosive layer thicknessbalmaviois seen

in both test and model ressiltMoreover, the effect is parabolic, which is seen in

both cases
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Figure5.6 Residual penetratioas a functiorof the explosive thickness (3/x/3 at
60A)
Time-resolvedpenetration data obtained from test results and model calcusagon
almost identical to each othat the beginning of the penetration, in which high
velocity jet segments are in actiddn the contrarythe modehas divergenc&éom
the testresultsat the later phases of the penetratidhis may stem from the

following reasons

1 Leading parts of the jet reveal clear hydrodynamic penetragbavior
However tail partsthat are sloweapproacHower limits of hydrodynamic
penetration and singth effects of the targbecome significant

1 Target strengtls highly dependent ostrain rate. A complex model can be
employed instead @& constant resistance approximation Ry.

1 Uncertainty and reorsrelated tahedata acquisitiomlevice and @ctric

circuitry, and positioning errors of malsereensluring the test setup stage

Craterhole diameters on the witness RHA plate are also compared with experimental
results. Good coelation is observed in generdhis in fact, verifies the numerical
modeling of the shaped charge jet (i.e. velocity and diameter distributionvaitbng

the jet).
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The engineering model captures the basic physics of shaped charge jet interaction
with explosive reactive armor cassettes. It is assumed that the jet precersor
escaping jet length) determines the residual depth of penetration. In order to calculate
the jet precursor, the idea is to model the initial crater formation on the flyer plates
and acceleration of flyer plates. Thus, crater diameter and flyervabdeity are

crucial in calculations. The jet is cut when one of the crater edge on the flyer plates
touch the jet flight path. Thus, this interaction happens sooner if the perpendicular
velocity component is higher. Keeping in mind this, it is expected tigher
obliquities of the cassette or higher thickness of the explosive layer should result in
lower residual depth of penetrations. This is shown both by experiments and model
calculations. Moreover, the trend in residual depth of penetratparaddic in case

of increasing explosive layer thickness.

When the impact of flyer plate thickness is considered, two effects are contradictory
to each other. First, the velocity of the flyer plate decreases with increasing flyer
plate weight. Second, the thakthe plate, the lower the crater diameter. It is seen
that; the effect of the flyer plate is more significant on the determination of the

residual depth of penetration.

The test and model results are quite in correlation for varying NATO angle and

explosive thickness analysis.

To sum up;the presented engineering model proved to be a useful tool in the
evaluation of shaped charge jet penetragigainsisteel ERA casttes. Such similar
parametricstudies can easily be performed to investigate a) fieetadf flyer plate

and explosive thicknesses and their materials, b) the effects ofcftatistancethe
distance between ERA cassette and witness platestepe charge jdiit position

on the cassette

The analysipresenteds based on metallic mexials Hence it may be improvedtb
accommodatenonrmetallic flyer plate materialsThis can be achieved through
modifications in the plate acceleration and crater formation. Moreover, the
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degradation of the shaped charge performance is modeled byemgloyii penet r at i
cutoff vel ocitieso. The results <can be
particles with transverse velocities, so that it will be possible to model whether the
particles reach the crater bottom or edges of the crater. Thereforewtthédre no

need for penetration cutoff velocities. However, this approach necessitateX¥-flash

ray images of particulated jet at two different times. Fisiy equipment was not

available at the time of experimental study.

5.2.Penetration of Cassettes witliNon-Steel Flyer Plates

5.2.1 Simulation Results

The interaction of reactive armor with shaped charge jet proceeds in three phases
[41, 30] First, the jet penetrates the cassette and creates holes in all layers of the
cassde and the explosive layer is initiated. The tip of the jet is also eroded. During
the second phase, the jet moves forward without any interaction with the flyer plates
through the initial holes, while the flyer plates start to accelerate by the explosive
action. Only the leading part of the jet is disturbed by the action of detonation
products. And in the third phase, the flyer plates establish contact with the jet by the
rei nteraction of the initial crather edge
transverse direction to the jet flight path. This phase proceeds until either the edge of
the plate or the tail of the jet is reached. The jet is heavily disturbed by the flyer plates
in this phase, unlike the front portion of the jet that escapes undistorhesdecond

phase

Theoretical investigationf29, 81] of shaped charge jet interaction with reactive
armor reveal that the residual penetration behind the reactive armor cassette
correlates well with the escapinghdisturbed tip portion of the jet before the
interaction starts, which is further supported by experimental evid86¢eThis

partistermedit he | et[82hr ecur soro

Hence it is necessary to & closer look athe factors thatletermine the length of

the secalled jet precursor. Pioneer work by Mayseless ¢ Hl showed that the
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nature of the interaction between BBIP and the shaped charge jet is deflection,
whereas the disruption of the jet is provided byRMP. In addition, the first major
disruption along the jet is caused by E#MP [29], although theBMP is the first to
re-interact with the jet in time. Therefore, the lengththe jet precursor can be
characterized by the time taken by tRBIP for re-interaction with the jet. The
theoretical approach developed by Mayse|88% showed that the length of the jet
precursor is a function of the iraticrater radius on the flyer plate, the reduction of
the jet tip velocity due to erosion while perforating the plate, and the duration of the

explosive acceleration of the flyer plate

The simulation study focused on the effect of the flyer plate masef&dtion on the
determination of the jet precursor length. The results are presented in three groups;
crater diameter on the flyer plate, jet tip erosion, and explosive acceleration of flyer

plates

Simulation of shaped charge jet interaction with theebsteekteel ERA cassette
configuration yieldedthe first phase of interaction between "$2and 4@42"
microsecondsKigure5.7). During this stage, the jet penetrated all layers, creating

holes on thé&8MP and theFMP, and the gplosive layer is detonated

Figure5.7 Simulation screenshot of jet interaction with ststelel ERA cassette at
40 . Os (l eft: 3D auxiliary view, righi

During the second phase, the leagdipart of the jet leaves the ERA cassette

undisturbed. This phase ends arouhe 48" microsecond when the edge of the
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initial crater on thé-MP establishes contact with the jet and starts disruption of the
jet (Figure5.8). Although the interaction with thBMP is re-established earlier, the
effect on the jet is deflection from its original path, as expected by theoretical
investigations

Figure5.8 Simulation screenshot oftjeteraction with steesteel ERA cassette at
48. Os (up: 3D auxiliary view, dowr

The last phase of interaction starts froma 48" microsecond and lasts until the last
part of the jet reaches the casseBescreenshot of the simulatioat the 58th
microsecond is given iRigure5.9. It is clearly seen that tH@MP deflects the jet
whereas thd=MP is in a disruptive type of interaction. The jet precursor is seen
behind the ERA cassette
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Figure5.9 Simulation screenshot of jet interaction with st&telel ERA cassette at

58. Os (up: 3D auxiliary view, down:

As one of the main factors affecting the length of the precursor, the crater diameters
on the nonsteel BMPandFMP are compared by observing the screenshots of the
simulations at 44 microseconds of the simulations, where in all cassette types, the
first stage of jet penetration is ended. The simulation screenshots of didiént

andFMP configurations are given iRigure5.10.
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Figure5.10 Crater diameter comparison of alternative cassette configurations at
44" O's

FromFigure5.10, the cratediameters can be observed as following:

9 Crater diameter on tH&MP: Gl ass > Steel a B4C

o

9 Crater diameter on tHeMP: Gl ass > Steel a B4C

Moreover, jet tip erosions for different configurations are compared by recording
new jet ip velocities athe44™ microsecondTable5.1). The original jet tip velocity
before the impet is 8500 m/s. It is seen thaplacing the steel plate with ceramic or
glass plate increases the erosion of the jet, which is # adsthe lower density
according to the dependence of hydrodynamic penetration to dgB88ity In
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particular, switching th&MP yielded better results as compared=tdP. This is
attributed to the fact thaéihe cracked mateal of theBMP is supported by thEMP,

and in the other case the cracked material is free to move out of the way of the jet.
Among all the cases, the configuration with gl&3dP yielded the best result,

however its ballistic protection is not promisinthe reason is explained later

Table5.1 Jet tip velocities after the first phase of interaction

BMP EMP Tip Velocity

(m/s)
Steel Steel 7544
Steel Al203 7232
Steel SiC 7081
Steel B4C 7084
Steel Glass 6830
Al203 | Steel 7160
SiC Steel 6930
B4C Steel 6904
Glass | Steel 6358
SiC Al203 6642
Al203 | SiC 6521

Another major parameter that influences the lengththefjet precursor is the
acceleration of flyer plates. First, the selectioBMP results in a chage in time to
detonation. The results depictedTable48s how t hat t here can
difference in detonation times of differeBMMP configurations. However, it is
evaluated that this will impart a minute effect on tteiliesince the detonation starts

when the jet reaches the explosive layer and the flyer plates start to accelerate at that

instant

Second, the acceleration times of different plate configurations are investigated by
simulations. Two gauges are placed loa front and rear surfaces of the flyer plates

for recording absolute velocity and displacement, and the explosive layer is
detonated without remapping the shaped charge jet into the setup. Simulations are

performed for steedteel, alumingtee) and glas-steel cases to evaluate each case
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for metal, ceramicand glass. The absolute displacement graphs for the first (gauge
on theBMP) and second (gauge on thBIP) are giverFigure5.11 andFigure5.12.

It is seen that the gauge on the glass starts the acceleratiar2ygth Os del ay ,
is a very critical shortcoming since this delay causes at least 14mm more of jet
precursor to escape without interaction depending on the jet tip velocity. This
shortcoming is caused by the combined effect of slow sound speed and increased
thickness in glass (or similar low density materid®}], thus the stress waves
causing the acceleration of the plate need more time to reach the otheg stithe

plate and the reflections take more time. On the contrary, relatively higher sound
speeds of ceramics accounts for the increased thickness and the time loss from
acceleration is minutdt is interesting to note that, the sté&iPsdo not reab the

same displacements at the same instant, although the areal densities of each
configuration are exactly the same and the cassettes are symmetric in areal density
wise. Moreover, the final velocity reached by the glass plate is lower than the steel
or alumina plate. It is evaluated that the lower impedance of glass resulted in lower
amplitudes of shock reflections in the explosive material, thus symmetric cassette

assumption in gurney velocity calculation does not hold
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Figure5.11 Displacement data from GaugeBMP)
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Figure5.12 Displacement data from Gauge#2 (stelelP)

Simulation studies revealed the basics of the first and second stagpaped chary
jet and reactive cassette interaction. It is seen thaENie causes the first major
disruption on the jet although tH&MP is first to establish rnteraction in time.
Thus, the crater diameter and acceleration of the flyer pktecritical for the
performance oFMP. Ceramics are found to possessdvantage with smaller crater

diameters and does not yield serious drawback for plate acceleration

The BMP, on the other hand, contributes to the performancthetassette by
causing erosion on thetjgp. It is seen that replacing the stBMP with ceramic or
glass yielded more erosion contrary to replacing-ti®. Moreover, eliminating the
jet tip provides benefits to the rear plate since the crater size on plates significantly

depends on the vetdy of the incoming jet

5.2.2 Experimental Results

Mass efficienciesHwm) of the configurations are calculatéddm the test results by
usingEquation5.1, where,Prer is the depth of penetration of the warhead at built
in standoff distance,Presis the residal depth of penetration measured in the
witness steel padiehind the reactive cassetd is the areal density of tteassette

and} steelis the density of steel

o —— (5.1)
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Since it is needed to compaperformances of alternative cassette configurations
with the base stediteel casseti¢here isaneed b normalize te mass diciencies.

The dficiency of the steelsteel cassettes used for this purpose, where normalized
mass efficienciesHun) are calculated by dividing mass efficiency of #tiernative
cassetteonfiguration with that ofhe steetsteel cassette. IRquation5.2, Pres sand

ADst are residual penetiian and areal density of stesteel cassette. With the help
of this method, theeference depth of penetration of the warhead is eliminated from
the calculation

0 (52)

The comparisons and discussionstedt resultsare given for ERA cassettes by
selectivelychangingBMP, FMP and both flyer plates with nesteel plate are given

in thefollowing sections

5.2.2.1. Non-steelBMP Cassettes
Comparison of test results for normalized mass efficiencies cste@BMP ERA

cassettes are given kigure5.13.

99



N
o
1

\
\

.

| 7

- /

Normalized Mass Efficiency, E
p N
(45} o
| |

0.0

T Y f Y f T T y T
AlL99.5%/St.  Al.98%/St. SiC/St. Glass/St. B4C/St.

Figure5.13 Normalized mass efficiencies nbn-steelBMP configurations

It is seen thatboth grades of aluminailicon carbideand boron carbide yielded
higher efficiencies with respect to ste@®h the other hand; glass revealed slightly
lower performance. The highest performance in experiments is achieved by alumina
98% with a 74% increase efficiency with respect to ArméR0T BMP. The worst
performing materials borosilicate glass, with 14% decrease in performancehe

poor performance of glass is referred to its slower acceleration, as explained in the

former section.

The normalized mass efficiencies of reteelBMP ERA cassettes are plotted as
functions of material properties gure5.14, Figure5.15, Figure5.16, Figure5.17,

Figure 5.18, and Figure 5.19. The material properties that are taken into
consideration are bulkipedance, compressive strength, density, fracture toughness,
Knoop hardness, and Hugoniot Elastic Limit (HEL). A strong relationship is
observedconcerningdensity and fracture toughness. As the main function of the
BMP is to eliminate the jet tip and em@dt as much as possible, it is known that
hydrodynamic penetration mainly depends on density for elevated impact velocities

such as 8 km/s. The materiadtrength effects are diminished isas plausible to
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observe less dependence on compressive streiigreover, the second role of the
BMP is to support the acceleration EfP by maintaining shock reflections on the
explosive, hence the bulk impedance and density are the required qualities for that
purpose. Increased fracture toughness also suppeqskehe detonation pressures
high, by keeping the integrity of the plate during the initial phases of the detonation
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Figure5.14 Normalized mass efficiencies nbnsteelBMP configurations as
function d bulk impedance
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Figure5.15Normalized mass efficiencies nbnsteelBMP configurations as
function of compressive strength

Figure5.16 Normalized mass &€iencies ofnonsteelBMP configurations as
function ofdensity
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