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 Abstract

In this work a new high speed metal forming process is experimentally and thearet-
- jeally ir vestigated and discussed. The high spesd metal forming s carried out i a
Yiguid shock tube. The pressure energy of a liquid shock -wave, which is penerated
non-explosively is used to form the metal workpisce. :

- The high speed metal forming can be carried ouk by operating the shock tube in two
different modes, the air mode and ths projectile mode. Tn the air mode the liquid
shock wave is generated by the impact of a gas shock wave on the water surface. In
the projectile mode a -apidly mo,.ng projectile impacts on the water surface and

 generates the liquid shock wave. The projectile mode js more suitable for high apeed
metal forming than the air mode due to its precise controllability and more eficient
energy transfar.

Theoretical approaches are presented to calculate the energy .ransformation in the
liquid shock tube for the projectile mode. The impact velocity of the projectils and

. the kinetic energy available i3 computed. By using the method of characteristics the

liquid shock wave profile is calculated from the impact velocity of the projectile. This
mumerical approach enabies the prediction of $he maximumn pressure, the energy and
the impulse of the Hquid shock wave. The deformation energy absorbed by the test -
spegimen is calculated by using the flow-stress power law. ' :

The effect of difforent projectile masses, materials and geometries are discussed.
Experimental results ave presented, which show liow the contour of the liquid shock
wave ran be tailored to exactly deliver the amount of energy required for the forming
of the metal. Double and triple liquid pressure pulses are generated by using stepped
projectile impact surfaces. A finite element program is ysed to model the fmpact
provess of the proje‘?tﬂe and to compute the generation and propagation of the liquid
ghock wave. ' : :

The stress straix conditions of deformed copper and mild steel disks ara determined.
Using the straing obtained from these measurements the deformation energy of the
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 disks is caleulated. A theoretical approach is given o predict the meximum midpoint
deflection by assuning & conical shape of the deformed &isk. This approach uses

an energy method for plastic material behaviour. ’I‘h.e deformation process of the .
metal disks during the impact of the liquid shock wave is investigated with & high-

'+ seed video camera. From the experiment~ the locs] and the average deformation

velocities and the strain rates are determived. - Strain rates at different stages of

' tlledeibma.tmnprocess aremeasuredbyusmgamlrmrsystem which allows the
recording of the side- and bottom-view smnﬂta.neously An attempt is made to

model the deformation process of fist disks by employing a finite element package.

'In the two-dimensional calculation a Liquid shock wave generated by the tmpact of
& projectile is used to deform the flat plate. The results of this numencalmodf“

dlscussed with mspect to experimental resulis.

: Tha farming of cylindriéal m_ild steel and copper tubes i8 investigated. For free
- forming the tubes reveal an unsymmetrical deformational behaviour which can be
. explained by the liquid shock wave being reflected at the botsom of the tube and

thus resulting in double the pr.ssure at the bottom. The stresses and strains of the.

a deformed tubes are determined and the results of the strain calculations are nsed to
; obtam the deformation . nergy of the tubes.

Optical investigations are performed with a ?E:gh apeed ndeo camera to roveal the
deformational behaviour of the tubes. The deformation velocities at different lo-

' cations of the tube are obtained and the atrain rates calculated. The results show
‘that thestram rafes are mnuch lower for the fozmmg of tubes in comparison to the

forming of flat disks.
The deformation of tubes nto cylindrical, hexagonal and octagmial dies is investi-

. gated. The results show that it is possible to deform the tubes neaﬂy completely
' -mt.o the dies which shows that detailed figuring is posmble.

o mprmtheperfomanceofthphqmdshnck ¢abe and to reduce the test tur -

around times the lquid shock fube is converted into a diaphragmless shock tube.
Thecomerswnmdonehymbroducmgaslotted section and a new diaphragmiess -
driver to the existing tube.

* The new dmp]rragmlees driver i tested by using the shock tube as a normal gas

shocktubeandbycomparmgthepa:fonnanoeofthmnewtypeofdmvertoalready

_ existing diaphragmless drivers.

The improved overall perforimance of the liquid ghock tube is dixcussed with regpect

* to the old eystem.

o e




The Contribution of this Work

The use of Tiquid shock waves generated non-explosively in a Yquid shock tube for

high speed mefial forming is a novel manufaciuring process, ‘The aim of this work is to

_ establish the feasibility of this process, to determine various operating parameters,

- to investigate the impact process of the projectile and the impact process of the
liguid skock wave on the metal specimen and to improve the perﬁ:rmwce of the
liquid shock tube. -

» Experiments have been carried out with various projectile materials, masses,
and geometries to investigate the generation of different types of liquid shock
waves. Apact from high speed metal forming these results also contribute to
other practical applications of liquid shock waves such as lithotxipsy, powder
comrnaction, and rock breaking. By using etepped and double stepped projec-
tiles it was poesible to generated unique double and triple liquid shodk waves
and thus to failor the energy dehvanng rate to suit a particular application.

e The impact phenomenon of the projectile on the water surface has been studied
- in detail experimentally and theorstically. By using the method of charactes-

* istics it was possible to predict the maximum presaure, the energy and the
impulse of the liquid shock wave. A fuite element program haa been employed
to model the impact process of the projectile and to compute the generation
and propagation of tha_]iquid_shock wave. The results are of benefit to the
characterisation of the shock tube which will be used fn many other liquid
shock wave work. _

» The deformational behaviour of the meta! spectmen under the impulsive load
of the liquid shock wave has been optically investigated. A new optical tech-
nique using ultra high speed video cameras has been used to conduct t¥. e
experiments and to obtain the locs ‘eformation velocities and the strain rates

" for high speed metal forming. A special mirrar sef-up allowed the recording
of the side- aml bottom-view of deforming circular plates simultaneously to
determine for the first time strain rates at different deformation stages. It was




alsr possﬁﬂe to numenca)ly mtlg&te the deformatmn prot.ass of ﬂat plates
bymodeli:nga. two-dimensions] problem which simulates thehqmd shock tube.
These results are of great imporiance for the scientific research conducted in
- comnection with structural response to explogive shocks and high valocity im- _
- A new simple theoretical approach in presented to predict &2 midpoint de- '
fiection of circular disks, The resulis of this computation are in excellent
agreement with expenmenl:al results. '

o A novel diaphragmless shock tube driver has beex designed. The design dis-
tinguishes itself due to its cost efficiency, simplicity, practical nsage and repro- -
ducibility of generating shock waves. For the generation of gas shock waves
an efficiency of 91% of that predicted by ideal shock tube theorv and a non-
dimensionsl formation length of 20 could be reached. The new driver can be

_ used on various fypes of shack tubes and has mdespread apphcatma as a
ra.pidly opening valve.

Thig thesis can be seon 48 an interdisciplinary work bringing together the studies .
of gas shock waves, liquid shock waves, impact phenomenon and metal forming.
Therefore the structure of this work has been chosen to deacribe the liquid shock wave-
research and the high speed metal forming research independently. The results of the:
experimental and theoretical investigations are discussed in each chapter rather than
in the conclusions which is more customary. Section 10 which describes the design of -
the diaphragmless driver to convert: the shock tube into a diaphragmiess opersting
shock tube is treated 85 an independent chapter having a literature survey ss part
of it. ‘This is done due to the fact that the experiments to teat the performance of
this driver have been cartsd out by operating the shock tube in the gas made to
allow cumpansons to existmg diaphragraless drivers.
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i INTRODUCTION

"High Speed Metsl Forming’ is a procadure of forming or shaping of metals by ap-
plying energy delivered over a short period of time and thus forming the mekal af
& speed which is appreciably higher than in conventional forming processes. High
speed metal forming was invented at the end of Iast century end finds implementa-
tion in explosive, electro-hydrantic and electro-magnetic forming, The most common
technique is explosive forming with chemical cha.rgea The reasons for the develop-
mext of high speed metal forming are e.6. 11

» for production. of small runs, particularly of physically bulky items
» to avoid the.manp.&chning of malodies

s to avoid h:terstage_anmﬂix_lg

e to reduce the time of forming

o for forming of difficult materials

. for forming of difficult shapes

e for the production of large parts

"Phe advantege of forming with liquid shack waves in'a shock tube in comparison

to explosive forming is better control of the process and increased safety. High

spead metal forhing uging liquid shock waves i8 characterised by a rapid release
of eniergy. The potential energy stored in the driving section i transformed into -
the kinetic evergy of an air shock wave (Air Mode) or into the kinetic energy of a
fagt moving projectile (onje.ctzle Mode). With the impact of cither the air shock
wave or the pro;ectxle on & liguid surface, the kinetic energy is transformed into
hydraulic pressure and a liquid shock wave 16 genarated. ‘The energy associated with
the hydraulic pressure is used o form the work piece.




Thehlgh speed metal forming in a liquid shock tube can be carried oﬁt by operating.
the shock tubs in two different modes (Projectile Mode and Air Mode). In both
modes the potehtial energy of compressed gas is used, |

In the air mode x air shock wave Bgenemtedafterthebmh:agofadxaphmgm. |
‘which geparates tha driving section of the shoel tube from the driven section. The
shock wave travels down tite driven section and unpacts on the water surface. Wxt.h '
the impact of the mr shod: wave the Liquid shock wave is generated. -

In the projectile mode the energy B{:ored in the compressed gas is convarted into
k:metlc energy of & projectile after bursting of the diaplragm. With the impact of
the pm,}ectﬂe on the water surface, the kinetic energy i8 converted into pressure
energy in the liquid. The impacting projectils prewsurises and accelerates the water.

During the impact process the projectile is decelerated. This leods to a pressure
drop of the shock wave, which results in & shock wave pregsure profile similar to
that of a blast wave. The pressure energy of this liquid shock wave is-used to form

" the workpisce to the desived shape. '

The design of the system in the projectile mode permits precise control of the total
amount of energy delivered to the workpiece, aud of the rate at which the energy is
available. The total amount of encrgy i determined by the bursting presture in the -
driving section, and the rate at which the energy ia delivered is defined by the mess,
the material, and the geometry of the projectile. These parameters allow an exact
tailoring of the Jliquid shock wave which favours the projectile mode in comparmon
o the air mode. :

Tu section 2 a review is given on shock waves. The generation of chock waves in a
shock tube is discussed and the basic theory is presented. Particular atention is
drawn to explosion waves and shock waves in lignids.

Section 3 brese_nts a literature survay on the subject of *High Speed Metal Forming'
and several experimental results and theoretical models are presented and discussed.

- The experimental set-up I8 described in section 4. The configuratios uxd the dimen-
gions of the shock tube for the generation of gas shock waves and for the generation
of liquid shock waves in the air and projectile mode are given. The design of the
fes sections and the optical set-up is presented and the material properties of the -
test specimeny are discussed. '

A brisf description of the operating cycle of the liquid shock tube in the air mode is .
given in section § and experimantal resulis of the shock wave pressure are presented
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" in comparison to theoretical coﬁﬁideraﬁons:

The operating cycle of the shock tube in the projectile mode is discussed ini detail in
section 6. Theoretical models sre presented to predlct tlm complete energy transfor-
mation process in the liquid shock tube and the results are discussed in compamm

- with mcpenments - :

In section 7 expemmental resultg are p:esented to demunatra.te the effect of different ‘
vrojectile masses, materizly and geometries. A finite element prograw is employed
to aimulate the generation and the propagation of the liquid shock wave mumerieally.

The forming of eircular metal plates is described in section 8. The strains and stresses
of the deformed plates are determined experimentally, The deformation energy of -

. the metal specimen. 18 calculated and a theoretical approach is presented to predict
the midpoint deflection of circular disks. The results of the optical investigations of
the deformation process dre reviewed and the giyain rates of the deformation process
are determined. Ths impact of a liquid shock wave on a circular plate in a shock
tube is modeled mmerically by using a finite element program, The results are
-discussed with . pect to experimental results,

The forming of cylindrical tubes is discussed in Section 8. The focusing of the liquid
shock wave through a nozsle into the tubes is described. The strain and stress
behaviour is determined from the deformed tubes and the deformation energy i -
. caleulated. The deformationsl behaviour is optically investigated and the results
of the strain rate calculations are given. The forming of tubes into cylindrical,
hexagenal and actagonal dies iz discussed and the results are presented.

The crwersion of the Xquid shock tube into a diaphragmless shock tybe is described
in sectson 10, The design of the diaphragmless water section and the disphragmless

~ driver is reviewed and experimental results are presented o estimate the pe::l:'ot'-
marce of the mod:ﬁed ghock tuba,

Section 11 conbains the conelusions of this thesia and recoramendations for further
work.




2 SHOCK WAVES

. The most common experience of shodk waves in nature i the crack and rumble of

tiunder following & flash of a lightning. This lightning-thunder phenomenon is one of
the brightest flashes and most intense sounds in nature. The flash, which arrives in
view with the speed of light, is generated by a sudden deposition of a huge quantity
of eloctrical energy in a very narrow channel. The expanding, hot, high-pressura R
chanmel drives a cylindrical shock wave in front of it, which follows the flash. In iy, L
2.1 a photograph of lightning strokes over Downtown Johannesburg is shown. The o
picture shows lghtening channels just gemerated (thin) and in expanding motion-
(thick). The shock wave radivs expands with time and the intensity decreases by
heating and compressing ever greater volumes of air [2].
Other shock waves that occur in nature are gererated by volcanic explosions, meteor
tmpact and earthguales, Shock waves generated by man are widely known e.g. from
~ aeroplanes flying at supersonic speed or from the destructive force of chemical or

" nuclear explosions. Not s widespread is the knowledge of the use of shock waves in .
research. For research purposes shock waves are vsed in the aerodynamic, chemical
and medical flelds. Here the most tommon. ool for gensrating shocl waves is the
. ghock {ubs,

The phenomenon of shock waves can be explained by considering the following sim-
plified situation:

A sma]ldmtmbaﬁoemamedmmxsmgnaledbymeam ma.wa.vetra.vvellmgatthe
Jocal velocity of sound. If a body is travelling through this medium at a velocity

less than the speed of sound the information of the presence of this body is signaled -
with the speed of sound to the medium ahead of It so that the medium is abla to
adjust to the movement of the body. This results in a gradual change in the flow .
properties with & smooth and continuous streamline, The behaviour of the flow is

' totally different for a body moving with & velocity higher than the speed of sound.
Since the information on the presence of the hody is only delivered with the apeed

* of sound, the medium i unable to sense the approach of the body. Therefore the
flow properties change sbruptly and a shock wave is generated. '
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Figure 2.1: Shock waves from lightning; lightning strokes over Downtown Johannes-
burg : '

2.1 SHOCK WAVES IN GASES

For a perfect compressible gas in the one-dimensional case and ina frame of reference
fixed on the wave the equations for conservation of mass, momentum and energy
can be written as [3l:

Conservation of mass: PLug = pauz (21

Clonservation of momentum: prus +p1= pzug 4+ p2 (2.2)
. ] uj

Conservation of energy: m+5 = hat {2.3)




The perfect gas law is;
p=pRT : 24

where R is the specific gas constant.

' Ecox_n the second law of thermcadynamms and for an isentropic process follows:

Tds'=gh—%='_q o (2.6)

Fora perfect gas with. constant; specific heats unda-gomg an mentropuc process the |
" equation of state can be written: '

e 4 .

" An important quantity for compressible gas flows is the Mach Number M, which
gives » relation betwesn the local veloelty and the velocity of sound. The speed of
sound can be ca.lculated by using the following equation:

] Bp) '
g= = 2,
(8P £ . @7
~ For an ideal gas and by using both the equation of state (eqn. 2.6) and the perfect
gas law (equ. 2.4), the speed of sound can be calenlated:

6=+/ART '. (2.8)

The process of generating shock waves in gas shock tubes can easily be described by -
assummg a simplified shock tube consisting of & high pressure driver, a diaphragm
and a driven section (see Fig: 2.2a). With the bursting of the diaphragm the high -
pressure gas in the driver section. {condition 4) can discharge uto the driven section
(condition 1) and & series of finite compression waves is generated (Fig. 2.2c). The
mmpreqﬁon waves increase the temperature of the gas which leads to an inerense of
the speed of sound behind sach compreasion wave (see equation 2.8). This leads to
. the following compression waves travelling with a slightly higher velocity than the
* initjal wave (condmon 2) and thos evenmal]y catching up with it. The comprassmn
waves steepen up to a shock wave.

The vaa:ia.tion of\'ariahles through the shock wave are very large (vet not infinite),
and the shock can be approximated by a discontinuity that is moving with a veloc-
ity higher thau the speed of sound. The contact surface between the driver gas and
the driven gas is moving with a speed less than the apeed of the shock wave and
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Figure 2.9: Gensration of a gas shock wave in a shock tube

therefora giays behind if.

With the bursting of the diaphragm a series of expansion waves travel into the

driving section (Fig 2.2¢). The expansion waves cannot steepen up and form a
discontinmity ike the compression waves do since each expansion wave reduces the
gas temperature. Therefore the sound velocity behind each expansion wave is smaller
andtheycannotcatchupmththeleadmgwavefmnt

At the end walls of the shock tube both the shack wa.veandthe expansion wave gef

 reflected (Fig 2.2d and 2.2¢). Typical behaviour of shock and expansion waves is

gven.nawnvedmgram,mthe:n—tplmasshownmhg 2.3 Thewa.vedmgram
was caloulated by using a one-dimensional shock tube simulation program [4]. For
the caleulations the dimensions of the existing gas shock tube have been taken ( ges
Fig. 4.1). The pressure in the driven section was set to § bar.




plesD 82 7bar

. 2.00
phsition w)

Figure 2.3: One-dimensional calculated wave disgram
' 2.1.1 BLAST WAVES

Blast waves, whick belong to the family of shock waves, are characterised by a
pressure jump similar to a nonmal shock wave and an exponentisl pressire drop
immediately after the shock. In Fig. 2.4 a compariscn between an blast wave and a
normal shock wave is shown. - _ _

Blast waves acour after firing an explosive charge. The explosion of the charge
‘generates & pressure wave which stespens up to & shock wave. Since there i no
pressure reservoir to keep the pressure behind the shack wave constant, the pressure
drops immmiediately. Blast waves can also be generated in shock tubes by using &
very shott driver section. The reflected expansion wave travels in the same direction
astheshockwavaandca.tcheanptmt, which leads to thepresaumdrcpbehmdthe }
mt:a.l ghock wave: :

The anergy and the impulse of an blast wave can be calenlated precisely (Cole [5]).
Using the pressure frace from the experiment, the energy and the impulse can be
_ nummcally integrated by using the equations given by Miiller [6].

4
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Figure 2./ Comparison of a shock wave a) and eu blast wave b)
2.2 SHOC'K WAVES IN. LIQUiDs. |

. "To deseribe shock waves in hqmda, erkwnod et al. [7] suggest 8 mcd.:ﬁed ata.be .
equanon N .
F('PsT) 7 ~ifn -
- p{lbar,T) ( + B(T) S (2.'11)

B ig the Bulk Modulus and can be described with the empirical equation given
by Miiller [6]. For a room temperature of 20° € the bulk modulus for water is
B = 2895 bar and the variation nftempamture (in PG} is given by:

B(T) = (2995 + 7285 (T 26) - 0.179 (T ~26)% 4 6,13~ 1074 (T — 26)°) bur

The value 7 is slso a funetion of the presgure and the temperature. Richardson et

- al, [8] suggested the following table for water: _
7]0] 500 MPs 1500 MPa_ 2500 MPo

w721 7.188 7.130
0  7.360 7.126 6.969
60 T4l TO54  6.868

Table 2.1: Value for n {water)

Inthetemrsraturemglonof293K<T<333Kthedx&'erenoeamthevalumofB :
andnnresmaﬂerthau4%andtherefomthesavaluesmkeptoonstwt Ag shown
by Holl [9] the siate equation mentiounss! ibove can be treated as isentrepic up to
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. ghock wave presmes of pa = 1000 MPa. 'l‘hereﬁore the isentropic state equa.tmn o
canbe*" P - opgr

pm_ (m+B\Y* : v
28 (m +B-) | o (2'12)

In his work Holl mtroduces a modified pressure p' = p + B (sae alio 001e B

Using this modified pmsm pnd an exchiange of the specific heat ratio v with n,
the gas dymamic laws can be transformed to describe shock waves in liquids. These
transformations with the assbrptions mentioned ahave, give good results for amall
pressures, In comparison m*h_'he exact solution the error is less than 1.3% for
pressures up to gz = 1000 MF:. For the one-dimensional case the equations of
conservation. can now be written: ' '

Conservation of mass: ' o : PLE1 = pattg (2.18) -
Congervation of momentum: | . il g = portd 41 (2.14)

. ut ug
Conservation of energy: o hy + -§’= =hz+ 3 (2.15)

For an isentropic process we can now write: .

PRI S r

Thexe trausformations can also be used for ths calc\ﬂahcm of the speed of aound in
water. The apeed of sound iz defined aa:

2_'_2'._2' - 3_2#_ . . . ’
. A -—8 ]g = .-G = a ] (217) )
Byuamgequanmzllw_thﬂn const, p'/p can be calculated:
p+B B '
e = = 1 . 2.1%
i (218)

Afﬁer solving of equation 2.17 ths apeed ofsound can be written, aa:

3’; ls= Eﬂpﬂ"l.-“-i‘;
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$ HIGH SPEED METAL FORMING

The term "High Speed Metal Forming’ describes a wanufacturing process in which
the speed of the metal movement it appreciably higher than in conventional forming
processed (gee Davie and Austin [10]). Another term thau describes high speed
metal formmg is 'High Energy Rate Forming’ (ZHERF) which i3 often found in plder
literature. This alder terminology is misleading sincs high energy is not characteristic
for high spead metal forming,

* Attampts have been mads to define the term 'high speed’ when applied to metal
forming. ¢.g. Johnson {11] proposed & guide for assessing the behaviour of metal -
platez subJected to impact by using a dimensionless number defined as '

V2

| as= %d— . | CEY
where V' is the impact velocity, p the material density and o; the demage stress.
In hig work he defines a damage number of & = 1.10™% as quasi-siatic elastic be-
haviour, @ = 1+10~1 as moderate plastic behaviour, o = 1 - 10! a3 extensive plastic
deformation and & = 1+ 10° as hypervelocity impact. In comparison to that Wil-
sont [12] clagsifies high velocity forming by using the strain rates of the deformation
process. A deformation process with strain rates of 0 — 0,003 s~% is considared as
static, 0.003 — 107 5~! a8 intermediate and above 102 s~* as high velocity forming.
Davies and Avstin [10] define for conventional forming a metal speed of up to
- 46 m/s, for high speed billet forming & speed of up t~ 24 m/s aad for high speed
sheet forming & speed from 30 m/s up to 300 m/a,

* Since high speed metal forming is a relatively new manufacturing techmology simple .
geometries for the test sumples ke circular and rectangular disks and cylindrical
tubes are often used for the study of this techniques. 'Therefore these structural

' shapes are usually discussed i Titerabura and fres forming and forming into dies is
investigated with respect to deformation energy, deformation speed and behaviour of

 the test specimen during deformation, Theoretical investigations of the deformation
process for plates and tubes have been conducted by Johnson [11] and Jones [13].
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The three main conventional processes for high speed metal forming are electro-
- hydraulic, electro-magnetic and explosive forming. - Blectro-hydraulic snd electro-
magnetic forming are explained and described in detail in technical mamufacturing
books e.g. in |10] snd [12] '

Explosive formmg is the most common technigue. Most of the explosive formmg )
processes use water as an energy transmission mediym, The explosive charge gen-
erates a water shock wave which is utilised to forn the workpiece. The use of water
and the generation of 8 liguid shock wave makes this prooess comparable to the bigh
speed metal. formmg ina]lquldahadztube.

~ Bince ea'cplosiva forming has found great application in industry a lot of work has
bean published on this fisld. General descriptions of the process can be found in
. msany technical manufacturing books e.g. [10], [12] and [14]. These books ~over the
forming of flat plates as well as the forming of cylindrical tubes.

Forming of fat disks:

The behaviour of 4 Bat sheet under an impulsive load was first described by Hudson
~ [15]. He describes a fully clamped plate subjected to an inikial impulsive velocity
viormal to its own plane, ‘The deformation of the plate commences at the outer part
by forming a plastic hinge whilst the centre remains flat (see Fig. 3.1). Kiyota and
Fujita [16] have conducted high speed phofography experiments with lead plates
subjected to explosive blasts in air and their tests confirm Hudson's theory with air
8s the energy transmitter, A literature review on the dynamic plastic response of
siructures has been conducted by Jones [17).

Tuvestigations to determine the deflsction time history of flat disks have been under-
taken. by Johnson et al. [18] and Nurick [19]. Johnson et al. used pin contactors for
his experiments which give a signal when the deforming metal makes contact while
Nurick meesured the time history by vsing light diodes.

Thers have been many empirical / theoretical predictions for the deflaction of plates
subjected to impulsive loads. Most of the authors’ approaches are a function of the
imparted impulge, the plate thickness and radius, the densitv and the static yield
stress of the maberial in combination with an empirical factor: eg. Nusick 20] ex- -
tended Johnsons damage rumber (see eqn. 3.1) in terma of impulse and added &
dimensionless geometzy number and a loading parameter to assess the behaviour of

13




- Final Shape

Figure 3.1: The idealiaed moade of deformationin a fullyclamped clrcula.r disk under
impulsive load [15]

plates with difforent dimensfons under various loading conditions. With this modi-

fied damage rumber and an empirical factor the midpoint defection of circular and
- rectangular disks can, be predicted. Johnson [21] used an energy method by assum-

ing & rigid linear strain-hardening material and a deformed shape. Duffey [22] used &

rigid plastic energy method as well snd assumed several deformed shapes, including
~ sinusoidal and variouc polynomial forms, to find tke best fit to experimental results.
A teview of these theorstical predictions is given by Nurick and Maztin [23].

To improve the process of forming of flat disks Johnson et al. investigated thoe
effect; of the stand-off distance and hydrostatic head when explosively deep drawing
circular plates (see [18, 21, 24]). The usé of the plug-cushion technique to improve
the quality of ths deformed plates is desoribed in [18], [241 and [25).

Fomung of cylindncal tnbea

Jones' [13] theoretical snalysis of fully clamped short cyhndncal tubed sub;ected
to-an interssl rectangular dynamic pressure pulse predicts a plastic hinge in the
central region. In his approach the dynamic response consists of three phases of
motion 0 €t < fi, %1 <t<t, f3<t< s, wherety is the duration of the .
rectangular pressure pulse, iz is the time when the two travelling circumferential
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Figura 3.2: Axisymmetric radial velocity ﬁeld for & fu]ly cla.m;:ed cylmdncal tube
[23]

plastic hinges coalesce and t; is the response duration, The radial velocity Seld for
the three phases of motion can be seen in Fig. 3.2, For the first phase of motion the
position of the plastic hinge is time independent. In the second phase of motion the
pleatic hinge starts to move towards the centre and with the pla.stm hinge reaching
the centre the thitd phase of motion begins, -

High speed photograpliy experiments with aluminium tubes have been performed by
 Wedda et al. [26]. In each test the detonator was located on the axis of the tube, but’
at different points slong the tube length. For a centered location of the detonator
& symmetrical deformation could be achieved. "The high speed photographs did not
reveal the plastic hinge, which is most probably due to the detonation emerging
from & point source. By placing the detonator at the upper part of the tube an un-
symmaetrical deformation w:t.h the maximum diameter ¢loger towards the top was
achieved. '

Explosive expansion of water filled tubes has been investigated by Johnson et al
[27}. The detonation was generated by a line exploaive charge slong the axls whick
resulted in an axisyrmmetric deformation of the tube. The effect of different end

caps was investigated. Light end caps out of cork which gave no resisiance to the
detonation and heavy eud caps out of steel have been used. The results for the
Light tmd caps show nearly no deformatmn at the top and bottom end of the tube
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whereas for thehsa;vy end caps the top and the bottom part was mly a8 defarmed
as the centre part. In addition Johnsom et al. performed velocity measurements of
“the defommng tube by mesns of pin contactors.

Poynton et al, [28] performed tests with cyhndncal bmss tubes In the expenme:nts
the 1gm{-.10n of & stoichiometric mixture of hydrogen and oxygen was used. ‘The
gaseouamaxturewasﬁreda.tthetopendoftha tube and caused a detonation wave,
which traveled downwards. At the bettom end the detonation wave was reflected,
which resulted in a pressure magnification. Due to the lnghe; pressura the bottom
of the tube deformed more than the centre. To place the maximum deformation at
- & degired location the anthors also performed tests with an internal baffe, -

The major differarice between these previous studies of high speed metal forming of

discs and tubes and the pressnt inveatigations'is that the current work does not use
chemical explosives to generate the high pressure pulse in the liquid.
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4 EXPERIMENTAL SET - UP

4.1 'THE -SI-_IO.CK_ 'TtJBE

_ ‘I'he design of the shock tube follows modular principles which allows a versatile _

-.usage of the shock tube. The shock tube cati be used as an ordinary gas shock tube,
‘a8 an air waber shock tube, and as a projectile water shock tube. However tl.2 design
is based ox the designated privicipal use a8 a projectile water shock tube.

The modules of the shock tube are made from stainless ateel with an inside diameter

of 56 mm and a wall thickness of 26 mm. ‘The modules lisve lengths of 502 mm,

- 762 mm or 1002 mum and the inside is honed smooth. In addition to the main
modules soveral supplementary rings with the same inside and outside diameter are
available and are used e.g. as pauge ports or water inlet rings. The whole tube is
connscted with clamp sledges to rails which are conmected o a vertical benm to allow

the opening of the tube, A counterbalance system simplifies the up and downwards
sliding of the opened tube to exchange the diaphragms and to insert the projectile.
The total length of the tube depends on tite set-up and varjes between 4.5 m and
6.5 m. 'The high pressure driver is located at the top of the tube and is separated
from the driven section by means of a disphragm, Several diffarent test sections are |
available and can be cormected to the bottom of the fube, o

The high pressure driver, which s designed for a maximum pressure of 1000 bar

in pressurised by using a HASKEL air driven gas booster (Model Double Air Head

AGT-32/62). The ‘bocster uses the difference of arsas principle {o enabls low pres-

gure drive gas to pressurise the high pressure output gas. The HASKEL booster can

supply gas with a :maadmum pressure of 620 bar. If the required pressure in the high

pressure driver is less than 40 bar the driver is pressurised by using & commercial
gas botfle.
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411 SET - UP FOR GAS SHOCK WAVES

For the generation of gas shock waves the shock tube consists only out of the high
pressure driver and the driven section, A schematic arrangement: of the gas shock
tube can be seen in Fig. 4.1. The tube can be operated with a rigid end wall or
with an open end as shown in the figure. Four POB pressure trausducers of the A 24
geries are iticorporated in the driven section to measure the shock wave. The data
i recorded with & four channel 150 MHz vscilloscope (Yokogawe DL 1540). The -
diaphragm that separates the driving section from the driven section is a polymer
plastic. A needle system which is incorporated in the high pressure driver punctures
the diaphragm to trigger the test. '

412 SET - UP FOR LIQUID SHOCK WAVES - ATR MODE

1f the liquid shock tube is used in the air mode, the liguid shodk waves are generated
by the impact of an, air shock wave on the water surface. The experimental arrange-
tmeat for the air mode is shown in Fig. 4.2. The shock tube consists of the high
pressure driver, the driven section, the water section and the test section. With the
discharge of the high pressure gas into the driven section an air shock wave davelops
and travels down the driven section. The liquid shock wavs is then generated by the
. impact of the air shock wave on the water surface. The liquid shock wave travels

down the water ssction and jmpacts on the test specimen which is located in the
test section. The test section is connected to the bottom of the tube.

The air shock wave is recorded by three pressure transducers of the POB A 24
geries in the driven section, The daka is recorded by a computer oscilloscope. The
pressure kistory of the liquid shock wave s recorded by using three to four PCB
ABor MIDQA pressure transducers and the data is recorded with the Yokogawa
oscllloscope

. 'To obtain substantial strong shock waves for metal forming high pressures of up to

- 400 bar are reguired in the driving section to supply enough energy to the water

- colmmn. To sustain these high pressures metal diaphragms heve to be used for

- peparsting the highpressure driver, Thess metal diaphragms have a machinad groove

~ of 20% depth to open proparly Alumimmn dmphragma were used with thlclmessea
up to 3 mm.
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413 SET - UP FOR LIQUID SHOCK WAVES - PROJECTILE
MODE : .

The experimental get-up of the shock tube for the projeciile mode is shown in Fig.
4.3, The tube consista of four sections, the high pressure driver, the vacuum section .
which is incorporated to miniraize the decelesation of the rapidly moving projectile.
dueto the cushioning effect ofanyairaheadofit, the water section and the fest -
section. Two diaphragms separate the vacium section from the high pressure driver

~ and the water section. The second diaphvagm which covers the water surface pre-

vents the water from boiling since the vacuum section is evacusted to & pressure
- of approximately § to 5 kPe. The projectile chamber ia located immediately under
the first diaphragm and has a slightly comical ring element, to hold the projectile in
place due to friction, '

The first disphragm is made out of polymer plastic since & maximum pressure of
50 bar in the high pressure driver ig sufficient for mietol forming. Therefore the
nesdle system can be used to puncture the diaphragm. With rupturing diaphvagm
the projactile gets rapidly accelerated and travels with high velocity down the shock
tube. At the end of the vacuum gection a light gate or wire system ig incorporated
to determine the impact speed of the projectile. The bypaasing projectile intarrupts
two light rays or cuts two thin current carrying wires. The time difference betwesn -
 these two signals i recorded in order to calculate the projectile velocity. The wire
systam proved to be more . pliable than the light gate system which failed quite often
due to atmospheric lmnuchty ingide the tube. The atmospheric humidity eondenaed
due to the piston movement and covered the diodes. :

The impacting projectils pressurises and accelerates the water which results in a

* liquid shiock wave being generated. The liquid shotk wave travels down the water
section and impacts on the test specimen in the test section at the bottom of the

“tube. Three to four POB pressure transducers of the A23 or M109A family are
iuéorporated in the water section and the data gets recorded by the Yokogawa os-
cilloscope. The signals from the projectils velocity measurements are recorded with
the computer cscilloscope. '

Three different pm;ectiles are used throughout this work. A heavy stoel projeu{nle' .
"with » mass of 3.665 kg, an aluminium projectile (0.87 kg) and a light plastic _
projectile made out of polyacetal (Delvin) with a mass of 0.2 kg.
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42 TEST SECTIONS |

The test section is situated at the bottom of the tube and allows both the testing of
circular flat disks and cylindrical thin tubes. The degign of the test section allows
- forming into dies a3 well 23 free forming, :

. InFig. 44 aschematic drawing shows the set.up of ihe test section for free forming
of ciroular diske. The test specimen is fitted to the water section by means of an
- adapter, An O-ring prevents water from leaking into the test section, The die is
 gitusted under the disk and the air inside the die is evacuated through the vacuum
line to prevent the deforming metal from heing ecughioned.
_The set-up of the test section for cylindrical tubes is shown in Fig. 4.5, The kquid
" shock wave is focused through the nozzle into the inside of the tube. The tube is fied
in the test section by means of & bottom and top tube holder. Both tube holders
~outain O-xings to seal the inside of the die. The die itself is split into four parts to
allow a dismantling of the die after the tube hi: been deformed, The inside of the
dis is also evacuated through the vacuum fine, A fuurth pressure transducer xing
can be incorporated between the nozsle and the test section to allow the recording -
of the pressure history after the liquid shock wave lisa been focused through the
nawzle. : : ’
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Figure 4.5: Test section for eylindrical tubes containing the hexagonal die
4.3 OPTICAL SET - UP

Two ultra-high-speed video cameras are available for the optical investigations of
the deformation process. Both cameras are distributed by *The Cooke Corporation’
and are black and whits CGD-Video cameras, The cameras ars able to record up to
10 superimposed pictures. ' _ ' -

The FlashCam has a resolution of 756 x 290 pixels and an exposure time of 1 ps -
to L ms which can be set in 1 ys steps. The delay time between the pictures i
selectable from 0 p1s to 1 ma in 1 pg steps. These settings are done by using 3-digit
decade switches on the back panel of the camers. The camers has a video ouiput
and a centronics interface to readout the daia to s computer.

The SensiQam is 8 SuperVGA biack and white camera with & xesolution of 1280
x-1024 pixzel. The camers is controlled via the SensiControl utility software, The
goftware allows to et the exposure time and the delay of each picture to different
 values. ‘The minimum exposure aud delay time is 100 ns and the maxdimum 1 ms.

- o allow the investigation of the deformationsl behaviour of the test specimen durivg

 the impact of the shock wave special test sections had ¢o be build, For the optical
investigation of the deformation of eylindrical tubes a test section has bsen designed
‘which it equipped with two @ 40 mm windows out of toughened glass. Tho tubes
are deformed by using the free forming die. The schematic desizn of the optical test
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Figgure 4.6: Test section for optical investigations of eylindrical tubes

saction for tubes can be sean Fig, 4.6.

The optical test section for the mvestigation of the deformation of flat disks is a
metsl box which is connected to the bottem of the shock tube by means of an
adapter, Three windows out of toughened glass ave Incorporated in the box. The |
schematic set-up can be seen in Fig. 4.8. In addition dpecial test speéimann. have
been designed to allow 2 recording of the pictures from the side view. These special

. teqt specimens are not supported from the bottom and thorefore the light rays are

able to travel parallel and adjacent to the metal plate. Fig. 4.7 showe the design of

. the test specimen. In case of tearing of the test specimen the water discharges into

the metal box.

For the recording of pictures in the side view a simple shadow photography system
is used to illuminate the test section. The set-up of the shadow system can be seen
in Fig. 48 Xight from a 100 W halogen light gource is focuged onto a pin hole.
From this poin; source parallel light, which is generated by two mirrors is used to
ilhuminate the teat section. By using a second lens the imege is focused onto the
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Figtue 4.8: Optical set-up of the shadow system, top view

OCD chip of the camera. ‘The camers is triggered with a trigger signal generated by -
the oscilloscope. The oscillascops itaelf is trigrered by & transducer signal from the
passage of the shock wave. A delay box between the oscilloscope and the camera
aliows the time delay between the impacting shork wave snd the first picture to be
" pre-sek. : : S

The third window in the bottom of the optical test section for disks gives the pos-
gibility to record the motion of the grid, which is painted onto the tes gpecimen.
A special mirror system allowa the recording of the side view and the bottom view,
which meaus the bulging of the disk and the circumferentia) deformation can be
 measured simultaneously, By using this snformation the strain rates for a particular
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deformation stage can be calculated. The optical set-up for these experiments can
be seen in Fig. 4.9. The camera s iriggered the same way as for the shadow system
set-up. The light to illuminato the test specimen is coming from the left side and
from the bottom. The camera is focused onto the test specimen which is possible -
due to identical optical path lengths, To avoid reflections the whole test specimen

. is painted black. White grid lineg ara only applied to the nght side of the specimen
gince this half can be seen in the bottom view.

4.4 TEST SPECIMEN

- 'The test specimens uged in this project ate made out of copper and normal mild steel,
The material properties of these materials have been dal:ermmed in static tanm]e tests
acoordmg to BS EN 10 002-1. Copper Is ideal for high strain rate testing since the

. mmerial properties do not change significantly for strain rates below 104 s~ (see
Chandler [20]). Above a strain rate of 10~ 51 the strain hardening saturates and
the stress strain behaviour will approach perfect plasticity (Follansbee and Kocks
[30]). Experimental results with copper under high atrain rates have been conducted
by Lindholm et al, [31]. Their results show little or no increase in fow stress up to
strain rates of nearly 10° s~1. The results are shown in Fig. 4.10.

The behaviour of mild sbesl is in comparison to copper strain rate sensitive, With
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Figure 4.11: Effact of strain rate on strain hardening coefficient for mild ateel [32]

ncreasing strain rate ths flow stress increases, In addition to that the strain rate
coefficient changes with increasing strain rate. Bramley and Mallor [32] have per-
formed high strain rate tests with mild steel and their investigations show that the
ghrain hardening coofficient of steel decreases for high strain rates and tends towarda
ideal plestic behaviour n = 0. A: a strain rate of 108 s~ the strain hardening
coefficient drops down to n = 0.04. The stress at this sirain rate increases for a
ptrain of 0.2 by 50 %. Fig. 4.11 showe the valuea of the strain hardening coefficiant
" detenii.ed by Bramley and Mellor { 2],
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_ “For the cyhndnca.l dlsks opper 0101/102 and hot rolled mild steel has been used. o
' For copper the avaﬂablethlcknmses were 0.55 mm, 0.8 mm and L& mmandfortha

= hotroﬂedmﬂdsteelOEmm,lOmmandlﬁmm Thateat‘p“mnmfortheoptxcal

investigations (gee 4.7) have been machined out of sheet masertal with a thiclmess of ©

" 10 mm, For mild steel a hot rolled sheet has been used as well. The inner pret ofthe -
" thick plates has been skimed down .. & Iat-he to the abave mentmnad thickiesses,
"T'he tolerance acweved was o 0.06 mm.

For the cylmdri( -1 fubes copper C106 a.nd mild steel have been used, ‘The outside
* diameter for all vabes was 19.06 mm. For the copper tubes a wall thickness of

11mm, 14mma-nd16mmwasavmla.ble Themﬂdstealtubesweresupphed .
. withwe: .'nesses of 1.24 mm sad 1.63 mm.
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5 OPERATING CYCLE OF THE LIQUID
SHOCK TUBE IN THE AIR MODE

The air shock wave in the driven section is generated by the bursting of the di-

aphtagm that separates the two sections. ‘The pressure of the air shock wave can be
calculated by iterating the following equation given by Glass and Siglian 2,

: 29 f{14-1)

(ya—1) 8 (1321 -1) '

\/;71 n+ 1) Pai+ 31—1-)

Pa=pn (- (6.1)

In this equation subscript 4 stands for the conditions in the driving section and
subscript 2 for the conditions behind the ajr shock wave. Subscript 1 describes the
condition in the driven section in front of the shock wave (the ambient pressire dus
to the high altitude of Johammesburg is about 0.83 bar). Dij stands fo pifo;. For
air or mt.rogen risld

An air ghock wave is characterised by apfeasm jump Ap over & very short time.
* Behind the pressure jump the pressure stays constant (pz = const) for s certain
time (depending on the size of the driving section). This pressure history of the
air shock wave determines the pressure profile of the liquid shock wave. With the
tmpast of the air shock weve the liquid shock wave is generated. Dus to the constant
preasure behind the reflected air shock wave, the interface remains pressurised and
the pressure behmd the liquid ghock wave sta.ys constant ag wel! :

Tha_ praasure df the Hiquid shock wave genarated by an air shock wave can be calcu-~
lated using equation 5.2, The impacting air shock wave gets reflected on the water
surface with the pressure ps. The pressure on the contact surface between the air -
and the water is equal and therefore the same pressure p; is transmitted into the
water. Since the density and th. wave speed in watar are much iigher than in air-
the reflection is similar to & reflection from & solid wall.
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Figure 5.1: Liquid shock wave pressure versus burst pressure in driving section

1—g+pn(3y—1) '
- 3
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The results of the calculations of the pressure of the liquid shock wave in comparison
to experimental mensurements are shown in Fig, 5.1. The comparison shows {hat -
the experimental results are in reasonable agresment with the theoretical curve,
This variability is due to the metal diaphragms opening slowly. The opening time
has & great influence on the shock wave strength. In addition to that she driven air
gection in the experimental set-up s very shork (32 pipe diameters). This means
the aiv shock wave is not fully established when it impacts on the water surface. A
 shock wave which is not fully established is characterised by & pressure rise behind
the initial shock wave. Thus it is difficult to accurately control the strength of the
air shock wave and with thet the strength of the liquid shock wave, '

A typical pressure history for a tquid shotk wave generated with an air shock wave
can be seen in Fig. 5.2, The pressure traces of the three transducers show the liquid
shock wave travelling down the shock tube. A substantial pressure rise behind the
initial shock wave front and an increasing strength of the Initial shock wave can
be seen in the pressure history. This i an indication for the air shock wave which
imipacted on the water surface not being fully established. - o
At the third tranaducer near the bottor wall the pressure reaches nearly doubls the
pressure of the initial shock wave due to the reflection ab the end wall. The reflected
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shock wave txavels up the shock tube and superimposes with the initial wave. At the
" water surface the reflected liquid shock wave reflects s an expansion wave dte o the
density differenca between water and air. This expansicn wave which is travelling
down the shock tube, can be seen as a pressure drop in Fig. 5.2.
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6 OPERATING CYCLE AND ENERGY
TRANSFER OF THE LIQUID SHOCK
TUBE IN PROJECTILE MODE

i this section the operating cyele of metal forming in a liguid shock tube in the |
projectile mode is discussed with respect to the energy transfor. Several theoretical
models are presented to predict tha whols encrgy transformation process in the liquid
ghock tube. The energy transformation process consists of: '

1. the potiential energy gtored in the co:npi:&_;sed gos is converted into kinetic
energy of the proJactila

2, the kinetic energy of the projectile is converted mtopremnasnerg;grmthe
liqmdafhertha:mpact

3. the pressure energy of the hqmd ahock wave is transformed into deformation
energy of the workpiece - : :

The results of the theoretical models ave presented and compared to experimental
results. -

6.1 KINETIC ENERGY OF THE PROJECTILE

6.1 THEORETICAL CALCULATION AND EXPERIMENTAL
RESULTS OF PROJECTILE IMPACT VELOCITY |

For the *High Speed Metal ormng with Liquid Shock Waves’ the total energy
available is of prime mportanse. Potential energy of the compressed gaa in the
drm.ng section of the shock tube is converted into dnetic energy of the movmg

i3




projectile. To avoid a significant decaleration of the pro,]echla during its movement

through the shock tube, the driven section is evacuated to a presaure of abnut

40 mbar. The projectile valocxty and with it the kinetic energy available can be
. escectained by using the following equation given by Heiser [33], where L it the
length of the driven section, Apyy the pressure difference between driver and driven
section, Ap thearea, Vp the mmmamacluevablevelamtyandmpthsmassof '
the projeciile. The length of the high pressure driver is of no importance for this
calculation gince tha driver in the experimental det-up is long enough to avoid an

nfluence of the expansion wave.

LAp(l—- 7) ( )*% 2 [7,
N

—1 ; )%ﬂ__ ]._1 ‘
(6.1}

Milller [6] reported in hig work that the experimental results were nearly 5% of the
caloulated values. The resulis of the experiments performed within this project show
a difference of ubow’ 40% from the calculated values. The diference in the projectile
velocity of the current axperiments to Miiller's results is due to a small difference in

the design of the shock tube. During the movement of the projectils, the remaining
air in the driven section is compressed. In Miillers shock tube the cross sectional

ares of tha disphragm section, that covers the water surface, is larger than the cross

sectional area of the projectile and therefore the remaining air in the driven section

is not s uificantly pressurised. In the present case the cross sectional area of the

shock tube is constant and the remaining air gets pressurised and deselerstes the

projectile. The results of this calculation in comparison to experimentat results of
tests performed with the stesl projectile can be seen in Fig. 6.1.

To achisve a better accordance to theorelical calenlations with experimental resulis .
the projectile-energy iy mumerically integrated from the following equation [34]:

B f puAde | (6.2) |

If:txsassumsdthata:r:sanﬁealgaa thepresmecanbedetermmedfmmtha
equa.tm of state for 1dea1 gazes:
- mR
LARAS 72
By usmg the simplifying asaumptmms of an adiabatic and isenlropic dmnge of state
fn="x) t.ha temperahue can be caleulated: :

 3-1) - '
B=1 (%) (6.4)
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Figurs 6.1: Gompamon of expermental pro;sc!.xle velomtm and calcnlated values -
by .sing eqn. 6.1

The net kinetic energy of the projectile consists of the energy imparted from the
expansion of the compressed air in the driving section and the ensrzy-losses dus to
the compression of he remaining air in the driven section through the projectile
movement, For the compression of the remaining air it is nesumed that thers is no
blow-by past the projectile. .

Bp=Fy By : (88)

The prOJectlle velocity is calculated from the net kinetic energy at the momen of
unpa.ct on the water surface: _

S e

. s e p, g B '

The results of the sbove culculations can be seen in Fig, 6.2 to Fig. 64. The’
~ disgrems show the projectile velocity versus burst pressure for the steel projectile.
(8.685kg), for the sluminium projectile (0.87kg) and for the light plastic projectile
(D.2kg). ' :

The comparison of the experimental dats with the calculated curves ahnws a good
' agreemont. Tt ¢au be seen that the experimental values are slightly lower than the
_ .calcnlatedoms. This is due to the neglecting of friction.

‘I'he opening thns of the diaphragm also had an importent influsnce on the piston ve-
" locity as already mentioned in sectm‘n 4 1,3. In case of a slow opening dmph:agm the
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' Projectile velocity (Plastic 0.2 kg)

smmmn o

Fxgu.t 6.4: Comparison of calculated and experimenisal valuea for plastic projectile

(0.2 kg) velocity

projectile velocity is much slower than expected. For repeatable testa the diaphragm
haatobechoaenasthmasposmble.

6.2 PRESSURE ENERGY OF THE LIQUID SHOCK
WAVE |

8.2.1 THEORETICAL CALCULATIONS AND EXPERMNTAL
RESULTS

To predict the pressure history of the liquid shack wave, the process of the projectile,
impacting on the water surface hes to be considered, With the calculated profile of
the shock wave the maximum pressure, the energy and the impulse of the shock wave
 van be estimated, For this caleulation Miiller [6] suggests the use of the method of
characteristics. The Riemann Invariant is d-fined in [2] and [36] as follows:

)

a+V ' {67
a -V | R (68)

P=

Q,_

' wiere P is the characteristic for a poan-.ive wave (right going) snd  for 4 negative -
wave (left going). The slope of the characteristics ave:
yie V4a
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Figure 6.5: x-& wave diagram with expansion and compression characteristics of &
compresged fluid in a sheck tube ' '

- whera a is the local speed of sound. Foranisentropicandadiabat_icﬂowPandQ
are constant along o characteristic. Fig. 6.5 shows the behaviour of the P and Q
characterisﬁm in an x-t diagram imder the nfluence of a compression wave, The
compression wave incvesses the tamperature in the fuid. The higher temperature
results in a higher speed o sound and a higher particle velocity. A smallerslopecfthe
characteristics means a higher velocity of the waves and makes the characteristics
converging. Later on, the P characteristics will come together and form a shock
wave. A gimilar wave disgram will be generated when the fluid is compressed by
' a rapidly moving projectile. For a projectile, moving with a coustant velocity, the
compresgion wave becogmes a plane shock wave, centred in the erigin of the x-t
disgram nnd ruuning ahead of the projectils, -

* As mentioned above, P is constant along the characteristic. Due to the increasing
speed of sound and increasing particle velocity the value for Q gtays constant over
the complote compression process, By using Egs. 6.7 and 6.8 this leads to:

2. 2
Q=qgu—Tri= n—1"
n—1

5 VP . | . (8)

ai=g1 +

Before the imﬁa.ct of the projectile, the lquid is ak rest. For water, that means,
" the speed of sound is @ = 1483 m/e and the particle velocity is gero. Just after

a8




the impact the particles are accelerated and it can be assumed that for s short time '
interval the velocity of the projectile stays constant sz Therefore the fuid pe.: cleles

abead of the projectile liave the same velocity Ve as the projectile. Usirg Fy. 6.9
- _thenewapeedofsaundcanbacalculated Amodxﬁcahor of Hq. 2.1% leads to an

 equation for the presaure pp; in front of the projectile. In this equation o stands
for the speed of sound ¥ in thn water compressed by the pro;ectile.

‘This equation neglects the material properties of the projectile. Therefore o reflec-
tion factor & has to be mtmduced which dependn on, the aooustu: nnpedance of the
projectile materia.l.

pi =ppiR ' ' {6.11)

~ For the stesl projectile the reflection. facior is R sz 1.0, for the aluminium projec-
tile R ~ 0.85 and for the plastic projectile K ~ 0.35 (see [6]). The chape of the
shock wave pressure profile can now be calculated step wise. The force decelerates
the projectile in the time inferval At down to the new velocity Vi With the
congervation of momentum the new veloeity can he written:

(Vi1 — Vi) my = —pADE

Ve =V B (61

- To determine the velocity of the shock wave V;, thie change of the particle velocity -
over the shock wave has to be considered (see {35]).
w2+ (n— 1M
u (nt+1)M3
For a aysbem of co-ordinates ihat is travelling with the shock wave, the particle
velowhescanbempreesadmthu; V; and w2 = Vy — Vp. That leads to the
' following equation. for the shock wave valocity: - .

. . 1 \% -

' From equa.tnonﬁlﬂ it can be seen that the maxiioum pressure of the hqmdahock_
wave depends cnly on the mPact velomty of the projectile and the pmjectile material -
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Figure 6.6: Comparison of calowated maximum shock wave pressure and experi-
mental resulés performed with a steel projectile (3.665 kg)

(different acoustic impedance). Bquation 6.12 shows that the profile and with it the
energy and impulse of the shock wave depends not only on the impact velocity, but
slso on the inertia of the projectilc. That means that the negative slope of the
shock wave after the maximum pressure peak is much higher for a lighter projectile
than for & heavier projectile, due to the fater deceleration of the lighter projectile.
Results of the above mentioned cah.. “ations and comparisons mth experiments are
ahawanxg 6.6 to FJg 8.15.

In Fig. 6.6 the maximum shock wave pressure versus the impact velocity of the
steel projectile can be seen. For the calculation, squation 6.10 was used. The
experimental values wers measured with the first pressure transducer in the water
column. Fig. 6.7 shows ag an exemple & caleulation of the shock wave pressure profile .
in comparison to an experimental shock wave. The impact velocity was 42.9 m/s.
The steel projectile with a mass of 3.665 kg was used. The curves are very similar
and the above calculation yields & good approximation. ‘The second pressure pedk
‘of the experimental curve in Fig. 6.7 is the reflected shodk wave, coming from the
hotitom of the shock tube. The third pressure peak Is dus to a second reflection of
the shock wave from the steel projectile which is lying on the water surface. For a
velocity of 42,8 m/s the kinetic enargy of the steel projectile is 3372.5 J and the
 momentum ia 157.2 Ns. For the simlated shock wave the energy is 3240.8 J. The
experimental shock wave yields an energy of 3136.3 J and an impulse of 130 Na.

Ths following figures (Fig. 6.8 and Fig. 6.9) show the behaviour of the projectile
during the impact. The calenlations were made at the same conditions ag mentic ..
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expetimentsi reflactad

| Figwre 8.7 Gompm:mm of calculated shock wave pressure and expenme::tally mea-
sured shock wave pressure for tha 3.665 kg steel projectile :

above. In Fig, 6.8 the decsleration of the steel projectile versus time can be seen.
"The projectile velocity. has dropped from 42.9 m/s to zero within § ms . ‘That
meang the maximum duration of the shock wave is alsc 8 ms, which can be seen
in Fig. 6.7. The distance that the projectile travels during the impact is shown in
Fig. 6.9. Themammum&splacement and with that the compression of the water _
colummn after § ms i approximately 43 mm. :

The following figures (Fig. 8.10 - Fig. 6.13) show the results of ths caloulations
and experiments performed with the light plastic projectile (0.2 kg). For the plastie
projectile the reflection factor is only R == 35% due to the smaller density of the
material. The small reflaction factor leads to a lower pressure in the water col-
umn. Therefore the curve of maximum pregsure in Fig. ﬁll]hasanmallerslopem
comparigon to the curve for the steel pro,jectile

' InFig. 8.11 a comparison is made between the calculated shock wave profile and &
measured one, The impact velocity of the projectile was 91 m/s. The comparison
shows that the slope of the experimental shock wave is a little bit stesper than the
calculated ane due to a deformation of the projectils, but the calculation yields
good approximation. The impacting projectile has a kinetic energy of T83.4 J and
& momentum of 17.22 V5. The integration of the everpy over the caleulated shock
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* Shockwave prassura versus plastic projectile veloaity
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Pigure 6.10: Comparison of caloulated maximum shock wave presstre and experi-
mental regults performe. with a plastic projectile (0.2 kg)
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Flgure 6.1 Gompa.naon of the calenlated shock wave pregsure snd the mensured

~ ane for the (0.2 kg) plastuc pro,]ectlle
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Figure 6.12: Calculated results of plastic pro,]ectile (02 kg) deceleration for an
lmpact velom.ty of 81 mfs

- =
Time [ £2]

Figure 6.13: Galculated results of plastic .prbjectile (0.2 kg) displacement for an
impact velocity of 91 m/s

wave profile results in an energy of 301.1 J. ‘This energy differsncs is due to the small
 reflection factor of the plastic projectile. In the experiment the shock wave yieldsan
energy of 319.00'J and an impulse of 13.4 N's. The inertia of the plastic projectile is
much smeiler than that of the steel projectile. The velocity of the plastic projectile
drops from 81 m/s to zerc {see Fig. 6.12) within 700 ps, which is the reason for
the much smaller duration of the shock wave, The maxirmm displacement of the
_ projectile after impact is smaller than for the heavier steel projectile as well. The
dmplacamentw- ":.ut:mecurw::anbeaeeniang 8.13.
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Figure 6.14: Compansm of the calculated shock wave pressure and the mensuress
one for the (0.87 kg) aluminium pm_}echle

_ Figore 6.15: Comp#rison of calt.mla.ted'shock wave and experimentally messured
shock wave for the aluminium projectile {0.87 kg) '

The results for the aluminium pistox can be seen in Fig. 6.14 and Fig. 6.15. A com-
pazison between the maximum liquid shock wave pressures for the experiment and
for the calculation is shown in Fig. 6.14. Fig. 6.1A shows a comparison betweeri the
profils of an experimental shock wave and the calculated curve, The impact velocity
was 511 m/s. Tt can be seen that the calenlated shock wave for the aliminiym
piston is also in good agreement with the experimental curve. The second pressure
pesk of the experimantal curve in Fig. 6.15 38 the reflected shock wave, coming
from the bottom of the shock tube. Ths energy and the impulse of the calculated
shock ‘wave are 961 J and 44,37 Ns respectively. In the experiment the projectile
generabedashock wa.vemthanenergyofsﬁA Jandamomentumnf@QNs
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63 DEFORMATION ENERGY OF THE WORKPIECE

. Ofgreat interest forhighﬁpeedformingofmetals isthe energy&bsorbcdbythemetal '
_' during the deformation process. In [12] the defor.mamon ene:gy per unit volume is
gwen by:

L E -
_Wv"—"‘f ode
0

: 'Ibcalmﬂhtetheene:gyforagivenmteﬁalthstmestteashaatobeexpr’easgdin
. . ‘terms of the true strain. The flow - stress power lavr for the plastic regiou gives:

o=K¢®*  (6.14)

. Wv=KJ[z£“dé
o

Integration of the equation leads to:

Wy = ﬂi 0 g
Thematerialconstantﬂisdeﬁnedas the strain-hardening exponent and K is the
strength coefficient. For copper both constants can be derived from the true-stress
true-strain diagram determined fram tensile tests using thie given material. Thisis a
permissil..e approximation since the change in the stress strain behaviour for coppor -
g smr3t (see gection 4.4). The comstants can be obtained by plotting equation 6.14

inaloglog grapk, whidh will yield a straight line with a slope of iz

Ilno=n Iﬂ£+ln.ﬁ_'

The matana.l congtant X can be seen to be the true stress associated with a t;ue
strain of 100 %.

The. stress strain behaviour for mﬂd atesl cha.nges with increusing straiu rates snd .
therefore the material oonatants canmot be taken from static tensile tests. For the
calculation the material constants determined in the high strain tests from Bramley -
and Mellor [32} have been used {see section 4.4). -

In order to compute the total deformation ¢nergy it is necessary to determine the
volume of the metal being deformed. This is done by measuring the deformation
of the test specimen. The results of the caimlation of the deformation energy for.
cirulas plabes and cylindrical bubes are shown in section 8.1.1 and 0,2.1 respectively.
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¥ THE EFFECT OF THE PROJECTILE
GEOMETRY, MASS AND MATERIAL
ON THE PRESSURE HISTORY OF THE
LIQUID SHOCK WAVE

* This section desls with the investigation of the generation of liquid shock waves
_ by uging differant projectiles. Experimental results for different projectile masses
and materials gre presented with respect $o maximum pressuve, energy and impulse
of the liquid shock wave. Double and triple liquid pressure pulses are generated
by using stepped projectile impact surfaces. The results of these experiments aro
discussed with respect to the contour of the liquil shock waves. A finite element '
program is employed to simulate the generation and the propagation of the liquid
shock wave mumerically. Different projectile musees, materials sud geometries are
considered in thege caleulations. '

7. EXPERIMENTAL RESULTS WITH DIFFERENT
PROJECTILE MASSES AND MATERIALS

Sines Uhe ynaximum pressure, the enerzy, and the impulse of the liquid shack waves
pla.y an, important role for metal forming, the experimental results of tests performed
with the three different projectiles are presented in the following three figures (Fig.
7.1 - 7.3). The results have besn obtained from the measured pressure iraces. The |
- shock wave energy and the shock wave impulse have been calculated by using equa-
tion 2.9 and 2.10. In Fig. 7.1 the maxironm pressure of the lquid shock waves is -
shown. It can be geen that the plastic projectile yields the curve with the steepest
slope despite hsving the lowest refiection factor. Thig is dus to the much higher im-
pact velocities of this projectile in comparigon to the impact velocities of the heavier
shuminium and steel projectile. Equation 6.11 shows that the meximum pressure
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Figure 7.1: Maximum shock wave pressure versus pressure in driving section

of the liquid shock wave only depends on the projectile velocity and material. The
heavy ateel projectile produces the curve with the lowest slopa.

- In Fig. 7.2 a comparison of the shock wave. energies generated with the steel, the
aluminiym and the plastic projechle can be seen. The shock wave energy generated
" with the steel projectile is slightly smaller than the values for the plastic and alu-
minium projectile. ‘This is most probably due to higher friction losses when vsing

- - the steel proiectile. The steel pmjecﬁle i8 Jonger in comparison to the plastic and

aluminium projectile and for very slow projectile velocities the friction Josses become
more important,

A comparison of the generated shock wave fmpulse is made in Fig. 7.3. The shock
wave impulse generated by tha steel projectile is larger than that for the aluminjurm -
and plastic projectile. Tn the equation for the momentum, the mass of the projectile

playe & much more important rols than in the equation for the energy, whete the
mase is compensated for by the velocity, which is squared. Toe plastic pro,]ectﬂe
due to its low mass yields the curve with the lowest slope.
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Liquid shack wave energy versus driving pressure
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Figure 7.2: Shock wave energy versus pressurs in driving section.

Liguid shick wave impulse versus driving pressiire
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Tigire 7.3: Shock wave impulse versus pressure in driving section
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Figure 7.4: Projectile dimensions for single and double stepped projectiles
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‘7.2 EXPERIMENTAL RESULTS WITH DIFFERENT
~ PROJECTILE GEOMETRIES |

" As described in section 8.2 a projectile with a plane aurfaoe.gener'ates a single or
normal liquid shock wave which is similar to a blast wave. The use of a stepped pro-
fectile surface permits the generation of a double or triple liquid shock wave, These
types of shack waves are important for metal forming because it a.]]ows splllstmg of
the deformation procesu mt.o two or three stages :

The dimensions of the stepped projectile surfaces are shown in Fig. 7. 4 Four

~ differ-at stepped projectiles are available. Two single stepped projectiles with a
step of 50 mm and 95 mm and two double stepped projectiles. The first double
‘stepped projectile has symmetrical steps of 95 mm length. The volume ratio of the
void patt of the second step . comparison to the whole wid volume is ~ 0.3. For -
che gecond stepped projectils the length of the steps is irregular. The first step has

* alength of 17.7mm and the second 32.2 mm, Therefore the volume ratio is ~ 0.5.

- As an example five wave diagrams are shown in Fig. 7.5 to 7.9 for 5 plane, the two
single stepped, and the two double stepped projectiles respectively. The pressure
traces have been recorded with three pressure transducers in the water section.

The wave diagrsm in Fig. 7.5 shows the behaviour of & normal liquid shock wave.
With a speed of 1550 m/s the shock wave travels down the shock tube and gets
reflected ab the bottom. That leads to a pressure at transducer 3 which in nearly
double the initial shock wave pressure. The reflected shock wave travels up the shock
tube and gets reflected again by the steal projectile lying on the water surface.
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F:gure 7.5: Steal projectile (3 665 kg), plane smfaee, Jmpact valocity 39.6 m/a,
'I‘mnsducar 1,2and 3
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Figure 7.6: Steel projectile (3.198 kg), short step, impact velocity 87.5 m/s, Trans-
ducer 1, 2 amd 3
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~ Figure 7.7: Steel projectile (3.85 kg), long etep,
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Pigure 7.8: Steel projeciile (3.054 kg), double step, volume ratio ~ 0.3, impact

velocity 39.0 m/s; Tranaducer 1, 2 and 3
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Figure 7.9: Steel pro;actile (3.054 kg), doub]e stap, volume ra.tlo ~ 0.5, impact
velocity 39.0 m/s, Transducer 1 -

Figure 7.6 shows the wave disgram for & double shock wave produced by the pro-
jectile with the short step. The firat pressure peak (the face shock) is generated by
the top of the projectile impacting on the water surface and the second peak (ist
step shock) by the step. An interesting phenomencn is the nearly constant pressure

between the first and the second pressure peak. That implies that the velocity of the -
watber particles stays eo'n;tanf.'in contrast to a decelerating projectile. ‘This ocours .

as liquid flows from the front of the projectils to £l the radial gap resulting from

the step. After the step has hit the water surface, the clearance gap betwesn the '

<hock tube wall and the projectile is completely filled with water and now the water
particles in fron$ of the projectile havs the same velocity as the projectile.

InFig 7. '?thewavedlagmmfortheprojecblemththe 95 mm step can be seen. Two

pressure pulges have been generated. The time between the firat (fa.oa ghock) and the .

gecond pressure pu]se (1st step shock) is much longer in comparison to Fig. 7.6 due

to the longer step of the projectile. Ayain the pressure stays constant between the

first and the second pressure peak, which is a result of a constant particle velocity
in the water. In the pressure trace of the second transducer the interference of the
reflected shock wave can be seen between the first and the final pressure peak.

A triple shock wave can be seen in the wave diagram of Fig. 7.8 and in the Pressure

history of Fig. 7.9. Figure 7.9 only shows the pressure trace of the first transducer.

Ag in the experiment with a single step, the first pressure peak (face shock) is
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generated by the impact of the top part of the projectile. The secon& (1st step

~ shock) and the third pressure rise (2nd step shock) are generated with the firab and

the second step reeipectlvaly. Again the pressure stays constant behind the first and
the second pressure peak due to a constant parhclevelomtarmthewater ‘The timne
dmatwn ‘between. the second and the third pregsure penk increases for the dm:ble
stepped projectile (volume ratio ~ 0.5} dus to the longer step and the bigger volume '
ofthevmdpart of the second shep.

A simple one-dimensionsl calculation hes been performed to predict the time inter-
vals between the pressure peaks and their dependence of the impact velocity of the
~ projerle. In the calculations the deceleration of the projectile was calculated using -
equation 6.12. Thedynummchange ofdenmtymthe water was calculated stepwise
for small time intervals by using the pressure information of the experiment. ’

The results of tests with different impact velocities for the single and double edged
prajectiles in comparison to the above described caleulations are shown in tables
7.3 - 7.4 In Tebles 7.1 and 7.2, p; is the first and py the second pressure peak in
MPa. piey i8 the avaragé of the constant prssure bebweert the first and the second
pressure peak, At iz the thoe difference between the pressure pesks in ys. In Tables
7.3 and 7.4, py is the pressure of the first, pg the pressure of the second, snd ps the
pressure of the third pressnre pulse in MPa. Apain pia, stands for the constant

© - pressure between the frat and the second pressure peak. Aty 18 the time diference

between the ﬁrst and the second and Atg ia the time between the frat and the la.at
K preasw:e peak in ps. :

.Vg[m/a} AL Abew M Pa) Piau[MP;l] [ M Pe}

32.5 553.6 490.0 25 11.88 30.67
375 4520 4340 273 149. 37T
38.1 4510 4100 220 15.83 45.4
452 4044 83720 3045 2267 50O

Table 7.1: Test results for the single step projectils [short]

Vimial B Btmi m[MFd  pelMPa palMPd

27.5. 16782 1726 60 2 38 3.3
303 1531 15185 1L8 39 3607
36 18445 1380 1116 6.6 45.0
38 1197.3 1240 133t 5.5 47.8

"Tubls 7.2: "Dest results for the single step projectile [long]
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Vibmfs] A At Abwi Abew R Ro P B

33 4592 6281 4220 6360 112 40 13317 437
39 3bT4 5578 8640 H700- 170 51 160 490
43 - 3456 5065 3280 G080 155 617 200 548

442 3420 4360 2880 4240 153 799 . 206 @52

Table 7.3; Teat results for the double step projectile [volums ratio ~ 0.3]

_ Vilm/sl At Afr  Afyew Abgew B -Flu‘_: P2 . s
35.5 "807.2 569.68. 2720 5820 102 463 9.01 566

40 23LY7 5535 2480 5460 128 581 125 4.3
46 2670 4750 2100 4500 955 62 140 615
.50 2475 4477 W20 4380 173 89 173 651

Table 7.4: Test resnlts for the double step projectile [volume ratio ~ 0.5]

The results presenfed in Tables 7.1 to 7.4 show that the strength of the initial
pressurepeakoft_hedoubleandtripleshockwavesmaeemstuhavearandom
behaviour since the maximum pressure does not necessarily increase with facreasing
impact velocity of the projectile. A possible explanation could be the absorption
of this, in comparison to normal shock waves, very short pressure peak due to the

. complex fiow around the front face of the projectile into the gap which results in.
the generation of micro-bubbles and cavitation. In contrast to the behaviour of the
initial pressure peak, the constant pregsure batween, the firut and second presmire
peak fncrenses with incroasing tmpact velocity. Thia constant pressure also depends
on tho ares of the top part of the projectile. A higher constant pressure can be
seen for the projectiles with a larger impact ares. The time duration between the

* first and the second pressure pesk in the results for the single stepped projectile
increases with increasing length of the step. The long stepped project'iz yields a
time duration which is more than double the time of the short stepped projectile.

" The samne is trus for the double stepped projectiles. With decreasing length of the
steps the time between the pressure peaks decreases. The average time between the

_second avd the third pressure peak in relation to the time between the first and the
third pressure peak is 26 % (volurne ratio of ~ 0.3) for the double-stesped projectile.

* The double stepped projectile with a volune ratio of ~ 0.5 yislds an average time

relaiion of 46 % (see table 7.3 and 7.4 respectively). :
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7.3 FINITE ELEMENT MODELING OF THE PRES-
' SURE HISTORY

An a.&empt has besn made to model the Irpact process of.the projectile on the water
surface. The commercial, two dimensional finjte element program AUTODYN 2.66

' 'has been used. The program allows a.]terna.twe mmerical processors to be selectively |

used to model different components and regions of a problem, AUTODYN 2.65
includes a Lagrange processor: for modsling problems with small distortions, an Euler
processor for fluids or eolids with large distortions, an ALE (Arbitrary Lagrange
Euler) processor for specialised flow models and a shell process(:r for modebng thin
strucfures [36]

In order to simulate the impact of the projectile on the water surface and the prop-
agation of the liguid shock wave in the shock tube, an axisymmetric model of the
shock tube has been set-up. According to the experimentel set-up the modeled .
water section of ths shock tube has & length of 1.66 m and an inner dimmeter of
56 mm. The length, and with that the mass of the impacting projectiles, was also
chosen to be identical with the real pro;ectﬂes The material properties for water
have been taken from the AUTODYN material library. ‘The eguation of state used
in the simulation for the water section was 'shock’ and the strength model *hydro.
For the steel and alymininm projectiles the material properties given in the AU-
TODYN makerial library have been used as well. The material properties for the
plastic projectile, which was manufactured out of delrin have been obtained Fum -
DuPont Engineering Polymers. The projectiles have been modeled by using the
“yor: Mises strength model and a linear equation of state. Since no large distortions
~ and deformations ocour the impact process of a plane projectile can be numerically
modeled by using the Lagrange processor. The shock tube wall and the end wall
were simulated by defining a simple boundary condition to prevent material from
being transported beyond these points. The results of the numerical simulation for

the impact of a plane steel and plestic projectile aud comparison to experimental
results can be seen in the following Sgures (Figs. 7.10 - 7.14). A good qualitative
sgresment between experiment and model could be reached. As the wave disgrama
show, it wes possible to model the behaviour of the liquid shock wave in the shock
tube. The comparison shows that for the mumerical models lower impact velocities
are needed to yield comparable results. n the steel projectile simulation an impact
velocity of 40 m/s was needed to generate the wave disgrem shown in Fig, 7.10, -
In this case a hqmd shock wave with & maximmim pressure of 67 M Pg, an energy
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Figure 7.1 AUTODYN 2D-model: Liquid shock wave pressure history for the
‘impact of the 3,665 kg steel piston. Vimp =40m/s. Tranaducer position 1,2,3

of 3169.2 J and an fmpulse of 114.85 Ns hes been generated. The comparable ex-
perimental hqmd shock wave, which can be seen in Fig. 7.11 has been generated
" with an impact velocity of ~ 50 /5. The maximum pressure of the experimantal
shock wave is 65.3 MPa, the energy 3167.8 J and the impulse 122.5 N's. These re-
sults show that the contour of the simulated liquid shock wave is in good sgresment
with the experimental one. A comparison of the shock wave velocities shows that
the simulated shock wave travels faster than the experimental shock wave which is
presumably due to the neglecting of impurities and dissclved gases in the water.
. InFig 7.12 the velocity field at the end wall shortly after the reflection of the initial
liquid shock wave can be seen. The reflection ok the end wall results in approxi-
mately double the pressure at the end wall, which can bee seen in Figs. 7.10 and
© 7.11. Tn addition the pacticle velocity in the wake of the reflected shock wave draps
down to zero, as shown in Fig. 7.12. An interesting result obtaived from the finite
elernent calculation fs the compression of the water column due to the impact of
the steel piston. The maximum compression of the water column j& 35 mm ak the -
time the Teflected shock wave hits the steel projectile, which is still compressing the
water, The impact of the reflected shock wave on the steel piston stops a further
compression of the water and pushes the projectile baclmards. This result confirres
the caleulation performed in section. 6.2.

The results of the simulated impact of a Delrin plastic piston can be sean in Fig.

BT




_Figur_:e 7.11: Experimental Jiquid shock wave presgure history %r vhe impact of the :
3.665 kg steel projectile. Vimp ~ 50 m/s. Transducer position 1,2,3
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Figure 7.12: AUTODYN 2D-modst: Velocity field at the end of the liquid shock
tube just after wave reflsction (velocity scale units in [erm /4] and dimension scale
units in fem]) ' '
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Figure 7.13: AUTODYN 2D-model: Liguid shock wave pressure history for the
impact nf the 0,2 ky plastic projectile. Vimp = 50 m/s. Transducer position 1,2,3

© 7.13. The simulated shock wave yields an energy of 200.6 J, 5 maximumn pressure
of 66.36 M Pq and an impulse of 12 N5, The impact velocity in the simulation was
50m/s. For comparison a liquid shock wave with « 0 saine amount of energy 293.9 J -
s shown. in Fig, 7.14, The impact velocity of the projectile wes ~ 70 m/s. The
experimentel lquid shock wave has a maximum pressure of only 51 MPa and an
* fmpulse of 17.8 Ns, This weans that the contour of the sirwlated shock wave is a
litile bib different in comparison to the axperiments” . . Despite a higher maximum
pressure the modeled shock wave yields a lower pressure energy and impulse vhich
is due to & steaper pressute decrease hehind the initisl pressure jump,

To shmulate the impack of a projectile with a stepped surface the water section las
to be calculuted by using en Fuler processor since laxge distortioms occur for the
impact surface. The pfojectilé is still defined in Lagravge. Both processors can be
coupled by using a polygon to define the Lagrenge surface interac g with the Buler
miesh, The clearance gap between the stepped projectile and the vhock tube wall is
defined 55 a void Buler mesh to allow this space to be filled with water during the
 impact sinve the Buler fmme‘}mrk'ia fixed end no masses can be transported beyond
the original defined mesh. Therefore no boundaries have o be specified for the Enler |
modeled water section. As an example the pressure history of the singie stepped
piston with au impact velocity of 37:5 /s is shown in Fig, 7.15. The corresponding
pressure history of the experimental test is shown in ¥ig. 7.0. The comparison shows
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Figure 7.14: Experimants] liquid ghock wave pressure history for the impact of the
0.2 kg plastic projectile, Vimp ~ 70 m/s. Transducer position 1,2,3

~ that the numerical model is in good agreement with the experimental shock wave.
. 'The numerical shock wave reveala the initial pressure peak which is followed by &
constpnt pressure v to the sscond presgure peak ag moted in the experiments. The
' maximum pressure and the shock wave velocity are higher for the mmerical model
23 already mentioned earlier in this section. The results of the numerical simlations -
for different impact velocities ave shown in Table 7.5, where py is the first and py the
second presscre peak in MPa. prge is the average of the constant pressure batween
the first and the second pressure peak. At is the time difference between the pressure
peaks in gs. Tb allow. comparigons of the ymerical results with the experimental
results (see table 7.1) the impact velocities in $he simulation have been chosen to be
identical with the experimental impact velocities. The comparison.of the two tables
- ghows for all impact velocities that the initinl pressure peak and the secord pressure
peale of the computed shock waves ars higher than the peaks of the experimental
ones. In contrast to this the constant pressure pr., of the simulation is in good
agreement to she expeéimental conntani pressure, Agein a poasible explanation for
¢his could be partial absorption of the very short pressure peaks dus to dissolved
gases 10 the water, This absorption is not ag significant as for the short pressure
peaks due to ita longer time veriod. '
The time differences At shown in table 7.5 are pmaller tha.utheoneaobtainedﬁom'
the experiments. This ¢an be explained by the neglecting of friction between the .
projectile and the shock tube wall in the mumerical model.
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* ‘Pigure 745 AUTODYN 2D-model: Liquid shods wave pressure history for the
- impact of the single stepped projectile [short] -

Viiwjal & pIMPd piee MPA_ i (MPd

825 3999 30.1 13.16 466
3.6 3625 340 16.83 58.8
381 340 345 1706 66.9
45.2 332 435 22.78 80.1

Tsble 7.5: AUTODYN 4D resulis for the single step projectile [short]
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8 FORNIING OF CIRCULAR METAL
DISKS

The deformational behaviour of circular metal disks under the impact of liquid shock

waves 15 discussed in this chapter. Experiments have been performed to determing
 the stress and strain stats of the dieks. A theoretical approach is given to predict the
maximum midpoint deflection. The deformation process is optically investigated and
. the strain rates are calculated. A finiteelement model is presented and the nmumerical
results are compared with the experimental results.

8.1 STRAINS AND STRESSES OF DEFORMED METAL
PLATES

The stress and strain state of a deformed metal can be determined by measuring
. the deformation of the formed part. The free forming of circular disks has been
- performed with coppar and mild ateel disks. '
. To defermine the three straing ¢, ey, ¢r of the metal disks after the deformation
process the displacemeni, of a grid is measured. The grid is painted with » template
onto the disk before the test. From the measured displacements the natural strains
can be caleulated by using the following equations: '

P .
&= !nﬂu_ _ _ 8.1)
g = In% - : : (8.2)
= lnT‘o (8.3
The consta.ncy ofvohm:sgwenby

' 5r+€o+fT 0 _ - (8.4}
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Figure 8.1; Measurements of circumferential and radial strains

Figure 8,2: Pictures of deformed copper disks. Thickness 0.55 mm. F’mm left to the
right hand side; 10.96,13.45, 14.4,16.15 mm midpoint deflection

_Figure 8.3: Pictures of deformed copper disks, Thickness 0.9 mm. From left to the
right hand side: 16,03,17.22,17.5,19.0 mm midpoint daflection '

'[o determine the circumferential and radial displacements of the gvid, a Nikon Profile
Projector with a woom of 10 is used. The adjustment of the profile projector is
. ertical to the plate and therefore only the radius R; can be measwred. The radial
displacement + has to be calculated from the rading B; and the actual height of the
point, The distance between two points is approximated as & straight line (see Fig.
8.1. “he height of the points on the deformed disks is meagured with a normal clock
gauge. The thickness of the disk is measured with an electronie gange (Heidenhahn
MT 80). The accuracy of this measuring device lies within 0.001 mm.

In Fig. 8.2 and 8.3 photographs of several copper test plates are shown The
maximum midpoint deformation increases from the left to the right hand side.

The following pictures (Fig. 8.4 and Fig, 8.5) show a typical example of the strain
_ measurements of a deformed copper plate. The va.riatlon of the hmght. and the
" thickness over the radius is shown in Fig. 8.4, The plcture shows that the sk
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Figure 8.4: Variation of height and thickness for a 0.55 mm copper disk after impact .
of a shock wave with pmes = 26.56 MPas, B = 116.96 J aud I = 10.97 Ns
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Figure 8.5: Variation of natural strains for a 0,55 mm co.pper disk after impact of a
shock wave with pmez = 25.56 MPg, E = 116.96 J and 7 = 1097 N5

was deformed to a dome profile. The deflection thicknsss ratio in this case was
D/T = 29.36, Fig. 8.6 shows the variation of the natural strains over the radius. In
literatures (o.g. Wilson [12]) the strain conditions for a bulged disk are reported to
be balanced biaxial. ‘That means that the stresses in the radial and circumferential
directions are equrl and therefore ¢ = gp = —0.5 er. In Fig. 8.5 it cau be geen
that this is trus for the top of the dome up to & radius of approximately 20 mm.
At the outer part of the dome the circumferential sfrain tends towards zero due to
the clampmgofthsdmk. Theresultsoftheﬂtrammeasmments also show good
sgreement with the constancy of volums (equation 8.4).
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" Figure 8.6; Variation of streages for a 0.66mm mpp& disk after impact of a shock .
wave. With pros = 25.56 M Pa, E = 116,967 and I = 10.97Ns’

“T'he stress state of the deformed part can be determined by using the Levy - Mises
plagtic stress strain relationship: . '

dey = = Vo — v (do + dor)]. | @5
de,,'=_-(1§' [os —vldor +dov)] | (8.6)
dep = 5 lor v (doy + doy)] ey

Since the plastic behaviour of the metal ia xion - linesr the equations are expressed
in jncremental form. Duye to the constancy of volume (Eq. 8.4) the Poisson’s ratio is
v ={.5. The congtant C is the secant modulus of the effective stress atrain disgram.
‘The Levy - Mises equations neglect the elastic strais and are therefore only valid
for large deformations, Since the assumption of a balanced biaxial leading condition
is made, the principal axes of strain have a fixed orientation due o the principal
 stresses and strains being equal (6 = ¢ ; 0y =) and dus to sero shear stress on
all planes. Therefore Eqs. 8.5 - 8.7 can be written in terms of total strain. Another
asgumption i¥ thot the sheet metal is very thin and therefore o is equal fo zero,
In Fig. 8.6 the radial and circumferential stress distribution of the siwe deformed
copper plate can be seen as o typical example. The stress values have been calculated
by using Egs. 8.5 - 87 and by using the natural sirains which are shown in Fig,
8.5. Near the centre of the dowme the radial stxess is equal to the circumferential
stress dua to the balanced bisxial behaviour. Towards the outer parts of the disk
the circumferential stress tends towards zero.
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Figure 8.7: Geometry of circular ring element
8.1.1 DEFORMATION ENERGY FOR CIRCULAR PLATES

T section 6.3 the equation for the deformation energy per unit volume has been |
derived. The total deformation energy of the circular plata can now be ¢alculated
by using the radial, height and thickwess strains, whick have been determined in
gection 8,1. The calculation of the deformation energy is divided into six parts
Dbetaise the measurements ‘mentioned sbove have been performed six times over the -
rading of the fest specimen.

W= E( ) e N )
| 'I'heeﬁechve stmi:nisdeﬂnedas[lz]: |
22 (= e+ o= )+ (e — )] @9

- The effectiva strain states that ductile faillure at any point in & body wnder any -

combination of stress begine cnly when equal o the strain ensrgy of digtortion

sbsorbed per unit volume at any point in & simple tension specimen [12]. Equation

8.9 is only valid for an idealised metal where the deformation is isotropic [37].

For the calculation of the effective strain the radisl, the circumférential and the

_ thickness strains, which have been. determined from the deformed disk, are used.
- The voluma of the test specimen is integrated using a circular element (s¢e Fig. 8.7)
of the deformed plate.
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dV =2rTRdzy

h2h1
Vzﬂ'f 1+Rle

For f.he circular element the thickness and the atram is agsymed oonstant

Vi=171; 1'*'(& - T 1) (R? .-Ri+1)

'The values for the deformation energy caleulated using equation 8.8 can be geen |

- in ‘I'able 8.1. For copper the material properties of the static tensile tests have
been used since these values stay constant up to strain rates of 10% s™* (see section

- 4.4). ‘The material properties for mild steel change with 3 incressing strain rates and '

" therefore the dyna.m.tc properiies detemmed by Bramley and Melor [32] have been

._uaed

"The table shows that for test specimens out of copper and mild steel the results of
the calculated deformation énergy are very similar to the measured energy of the
liquid shock wave. That means that the shock wave enecgy is nearly completely -
transformed into deformation energy. This is in good agreement with the experi-
mental results gince the liquid shock waves always get completely absorbed by the
deforming specimen,

~ For copper, ma.chmed apecamens snd sheet material have been used in the experi-
ments. In general the sheet material reveals a better agresment with tha calculation
since the machined specimen vary in thickmess dne to the tolerances given. A typi-
cal pressure history for a test with a copper test specimen can be seen in Fig. 8.8.
The pressure trace for transducer 3, which is located 25 m above the metal plate
ghows the transaction between the deforming metsl specimen and the impacting
liquid shock wave very well, The incoming shock wava travels with a velocity of
- 15016 m/s and impacts 17.6 ps after passing the third travisducer. For a very short
period the shock wave gets reflacted before the metal starts to deform. This reflec-
‘tion tan be seen in the small second peak on. the initial shock wave, The information,
of the deformation of the copper digk reaches the third transducer 89.25 s after the )
. initial shock wave has passed the transducer, which results in a sudden pressure drop
in the pressure hlstory. In addition ne further refiection of the shock wave can be
geen which leads to the conclusion that the pressure energy gets nearly completely
ahsorbed by the deformation process,

Forthemﬂdsteélapachnenthediﬁ&ancabetweenthe deformation energy and the
shock wavs energy is a little bigger. This difference between the energies is due toa
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 Figure 8.8: Pressure history for a iquid shock wave impacting on  copper specimen
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Figute 8.9: Pressure history for a lignid shock wave impacting on & mild steel

specimen
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" Thickness Shock Wave Energy Deformation Epergy Max. Deformation

fmm] W S frmm}
Coppersheet: . . -
.08 4588 o 4302 1095
955 omas 735 . 1345
055 o go4 7926 - 144
. 055 11696 10556 1615
0.9 144.3 . 18505 1608
0.9 1885 . 18396 17.5
0.9 184.9 16194 - T2
0.9 296 178.27 19.00
Copper machined: ' ' ' R
0.56 , 26.2 ' 37 8.96
055 - 3297 _ 45.99 . 998
.55 3814 4849 ) 9.99.
- 0.55 . 2 44 977
09 ‘2684 2038 A
0.9 : 30.1 ' 24.42 8.4
0.9 B i 34.28 7.72
09 68.65 - om2 Y (-
0.9 88.43 60,0 - 11.67 |
0.9 98.22 _ 745 1115
0.9 1622 130.3 - 1485
08 1810 144,09 1425
09 - 19395 SR 5 % SR S AT
0.9 _ 198.99 166.99 . - 15.95
15 . 2108 147.6 12.45
15 2179 197.7 1450
Mild steel sheet . ' _ _ :
16 2100 40 6.37
1.6 - 569.1 et . 1298
12 : 70L3 640 1443
1.6 Coq032 ' 685 14.90
16 184l _ 827 1847

Tble 8.1: Comparison of deformation energy with shock wave energy for machined
- copper and mild stexl specimen and for ﬁheet maferial . .
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h;gherresmtance and apnngback ofthe miid steel specimen. 'l‘hlscan beseen mFxg :

.- 88, - ming shock wave is travelling with & speed of 1568 m /s and impacts on

. tha . Y fpsafterpasmngthetramducar A firgt reflection can be seen in the
_ 'Becundpeakonthemltmlshnd; wave. The information of the deformation. of the
- metal disi reaches the transducer 35 uy after the mhalshockwavehaspaased the

L - transducer. 63 ys later the defm:matmn slows down anud the pressure starts rising
e __slowlyagmn. Amaﬂpreamewavetravemngbackuptheshnd:tubecanbesaen.

8.2 PREDICTION OF MIDPOINT DEFLECTION

As ghown in the previous st ion 8.1.1 almost the fotal amount of the pressure
" energy of the liquid shock wave is {ransformed into deformation energy of the metal
specimen. This gives the possibility to predics the maximum deflection of the buised
* disk and jts dependence on the input energy by just using the material properties,
. the thirkmess of thy metal disk and by assuming & cone as the final deformed shape.
Fixst of all it is necessary to determing the volume of the 1actal being deformed. The-
 radial, circumferential, and thickness straing depend on. the stress condition for the
high velocity forming. As the experiments show the stress condition for & bulged
dige is similar to the balanced biaxial tension and therefore tha thickness l:educhon

is given by:

Ep=¢€g= _%!‘_ - ' (8.'10) .
' T
np = !ﬂﬁ" = —2¢;

T=Tpe* L)

Itmadsumedtha.ttheﬁna.lshapeofhhedeformedmrcdarpla.emamﬂartoacone
(see Fig. 8.10).

Fbrtheconethed:&‘emntxalvolumeelemamhs
dV = 2 RTdz

with
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Figure 8;];0: Geometry of deformed disk

After integration the volume of the d. rmed disc can be calculated:

V=1rﬂ'_’.:"’1/1+ (ﬁ;)i | | .(8.‘12)

To compute the average thickness of the defo med dise the average tadial stram €uy
has to be caleulated firat:

Ro+y='

This leads to an average tluckneas Tm,
Ty == The— B0V 14/ ROY |

" With the average thickmsa the average vo_lnim‘a Vap of the deformed metal can be

caleulaved:
Ty RY
oy = (8-13)
;,7.1 + W/ Ro)?
The assumption of an average strain loads to a amall contradiction in the sssumption
of sn incompressible material since Viy # Vo. However the error is in general Jess
than, 10%. For the largest deformation of 19 mm the error increases o 15%.

Usmg equation B.9 and the relationsutp for balanced biaxial tenamn (eqn. 8.10) the

effective strain can be calenlated to be:

£=2iny [1+ (3%)2 | 19

(4!




Deformatlan versus energy [0.55 rim plats]
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Figure 8. 11; Gompariaon of caloulated and expmmeml mldpomt deflection for )
0.55 mm copper plates .

Combining the aquatmns 6.3,8.13 and 8.14 leads toan expression for the deformation
energy dependingon the midpoint deflection and tha material constants of the bulged

digk.
W= '___ [2:,;1/1 + l “%Rg (8.16)
1/1+ _

Since the shock wave energy is nearly completely transformed into deformation en-
*ergy, W can be exchanged with the energy of the liquid shock wave . Equation
8.15 is now just a function of y (B = f(z)) and the midpoint deflection can therefore
‘easily be predicted by using the above equation. .

Fig. 8.11 to Fig, 8.14 show the results of the performed calculation in comparison '
to experimental results. The experiments have been performed with 0.9 mm and
0.55 mum circular copper disks and 1.6 mm, 1.0 mm and 0.5 mm circular mild steal
digks. For the calculation, the static materisl properties for copper and the dynamie
material properties according to [32] have been used. In Fig. 8.13 the caloulated
© crve for botkh, static and dynamic material properties are shown and it can be seen
that the deformation energy dus to the high strain rates increases.

Overall the resulis show excellent agreement between the ¢alculated curve and the _
experimental values considering the spproximations that heve been mads, The
maximum difference between calculation and experimental results for both materials
is amaller than 15 % and the sbove theoretical approach can be used to estimate
the midpeint deflection of circular disks. :




Deforrnation versus energy [0.8 mm plate]
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" Figure 8.12: Comparison of caleulated and experimental midpoint deflection for
0.9 s copper plates : ' S

Dpeformation versus esbrgy [1.6mm mid steel gata]
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Figure 8.13: Comparison of calculé.teﬁ and uxperimental midpoint deflection for
1.6 mm mild steel plates ' :

(£




Deformation versus energy [0.5 & 1.0mm mild stec! plite]
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Figure 8.14: Comparison of caleulabed and experimental midpoin deflection for
1.0 mri and 0.5 mm mild steel plates

8.3 OPTICAL INVESTIGATIONS OF THE DEFOR.
MATION PROCESS

The experimental set-up described in section 4.3 allows the production of pictures
of the metal deformation during tho jmpact of the shock wave, Good results have
besn obtained for a camers setting of three to four superimposed pictures with an
exposure time of 11 us each, A larger mumber of pictures reduces contrast due to
the superimposing and it has been found difficult to separate them. Tests bave been
performed with copper and mild steel specitnens marchined out of thick plates. The

"~ design of the specimens and the test section is shown in Fig. 4.7 and 4.9 respectively.
The behaviour of the machined specimens has been found to be very similar to the
behaviour of fally clamped circular disks. Measurements of the strains show 5 good
accordanes of both types of specimen. Due io the machined and therefore rougher
surface, the specimens out of solid tend to rupture at an earlier stage.

8.3.1 DEFLECTION TIME HISTORY AND DEFORMATION VELO-
CITY a T

In the following Sgures, pictures of the experiments are shown. For these sxperiments
" the 'FlashCam’ has been used. The camsra, and therefore the picture, is rotated
Ly 92 degrees in order to have a higher resolution in the same direction as the
- deformation since the camera’s resolution is 766 x 200 pixels. Due to the Ophcal_ _ 1
- get-up only the enlarged centre part of the test specimen is visible. To magnify the
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deformation process in the picture an agpect ratio of 21 wa.s_chosen. ’I‘hia.leé.ds to

the oval shape of the test section window. The white Jine in the pictures shows the
_ position of the undisturbed disk before the impact of the shock wave. In Fig. 8.15

the deformation process of & copper test specimen with & thickness of 0.55 mm is

ghown. . Theshockwavahadamaximﬁmprmu:eofp—%sMPa The three
__supsnmposad pmturasweretahanatﬂﬁpa, 151 ps and 222 - ps after the impact of
the shock wave. It can be geen that the deformation starts in the onter part of the

test specimen and that the centre remains nearly ﬂat The plastm hinge, moving
towards the centre, is t:lea.r.'ly vigible in the second picture. When the plastu.c hinge

reaches the centre, the metal s pushed rapidly forward until the masimum deflection. _

i8 reached. The existonce of the plastic hinge was theoretically predicted in 1951

by Hudson {15] (see section 3). Johuson [11] pointed out that the material in the

central region of the disk, bounded by the plastic hinge, iy progressively, radially
stretched and thinned whilst that in the conigal region i8 rigid and stationary.

' The Iocal deformation velocities of the metal specimen at & certain deformation stage
have been determined from the pictures and arve shown in Fig. 8.15 as well. The
velocity was calculated by measuring the difference in the position of the centre of

the specimen for each picture. "The time duration between each picture was obtained
from the camers setting (80 us for the first and 71 us for the last two pictures).
Thus the term local velocity represents the mean velocity between two successive

. frames.

From the First to the second picture the velocity draps from 68.4 m/s to 50.9 m/s.

. This velocity drop is due to the cenfre part staying behind the deformation of the
© outer part. From the second to the third picture the centre is rapidly folded forwards

which leads to & large rise in the local velocity up to 95.5 m/s. The average velocity

of the total dafo:mahon process, which is ¢alculated from the three local velocities

is 63 m/s

In Fig. 8.16 two experiments with 0.8 mm copper plates sub;ected to a similar
pressure pulse ave shown. Fig. 8.16a shows the deformation of the plate at an early

gbage and Fig. 8.16b at the final stags. The three pictures of Fig. 8.16a have been
taken 47 gs , 108 us and 169 us after the Impact of the shock wave. The plastic .

hinge moving radislly inwards can be seen very clearly. The behaviour of the lo-

" cal velocities in the centre of the disk i governed by the plastic hinge and changes -

rapidly at this early stage of deformation, After a fast acceleration of the disk due

%o the impact of the shock wave the movement of the centre slows down. The de-

formatmnisonlytalnngplmeinthaplastichmgeandthecantmremmﬂat and
nearly undisturbed. "This can be seen in a major velocity drop from 73 m/s down to
50.5 /5. With the plastic hinge folding the centre farward the velocity rises again
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Figure 8.15: Pictures and local dEformatmn velocities on the centre line of a copper . . -

gpecimen with & thickness of 0.55 msm, The maximum pressure of the shock wave is
p = 28.6 MPu, tho impulse I = 9.85 N's and the shock wave energy E = 107.25 J

up to 80 m/s.

In Fig. 8.16b the pictures have been taken 67 ps, 128 s and 189 ps after the impact
of the shock wave. The deformation process is much further developed than in Fig,
8.16a, L. it shows the plastic hinge at a later stage. In the third pieture the centre
is already folded forward and the final shape is reached. A thin water jot ejected out .
of a small arack can also be seen in the thivd picture. These srnall ruptuves oecurred

* quite often in the test specimens due to the rougher surface after machining. For
larger deformations tearing starts at these poinis. The local velocities for this teat

show a similar behaviour. The velocity of the centre at the second picture is slightly -
higher than in the first picture because the plastic hinge is further developed and
has aliea.dy accelerated the centve. The average velocity for this test is 82.6 m/s.

A8 an exampls of the deformation process of circular mild steel plates Fig. 8.17 shows
the deformation process of a mild steel plate with an initial thickness of 1.0 mm.
For this experiment the ultra high speed camera *SensiCam’ was used (ses 4.3).
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Figure 8.16: Pictures and local velocities on the centre line of two copper specimien
with a thickness of 0.9 mm. pg = 36.4 MPa, I, = 118 Ns, B, = 162 J; py =
40 MPa, Iy o= 11.64 Ns; By=181J
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The thres superimposed pictures have been taken 57 ps, 118 pis and 232 ps after
impact of the shock wave. The deformational beha.vmur of the mild steel specimen
is quite similar to copper. Thednformatmncommencwmtheouterpa:tofthe-
Epecimen. Theplastmhmgecanbeseenmtheﬁrstﬁ:ame. In the firgt picture of
the first frame ths centre part is still undisturbed. Tn the second picture the plastlc
. hmge has reached ths centre. which is ra.pxdly folded forwards. T]us results in a large

increase in the local deformahon velocity up to 111.8 m/s. The average deformation
 velocities of the mild ateel spechnens are comparable fo the velocities of the copper
_ specimems as well. ‘The average deformation velocity in this test was 80.22 m/s.

In the fullomng three- ﬂgurea the behaviour of the average deformation velocities
with respect to maximum deformation, shock wave encrgy and shock wave impulse
are presented for 0.65 mm, 0.9 mm and 1.5 mm copper and 1.0 mm mild steel
specimens. The sverage deformation velocities have been calculated by using the
peak deflection of the disk shown on the third superimposed picture and the time
delay between impact of the shock wave on the disk and the recording of the third
picture. In Fig. 8.18 the deformation velocity ie plotted versus the peak deformation
of the test specimens. The sverage velocity shows a linear behaviour and seers to
be mdependent of tho thidkness and (e material of the metal plates. '

In Fig, 8.10 and 8.20 the average deformation velocity versus the shock wave energy
and the impulse is shown. Tn both cases the curves do not reveal & linear behaviour.
Therefore the values mthaaetwoﬁgu:eaareplottedmalog—lag disgram to get an
almost linear dependerice for each cuxve.

In both Agures the thinner plates in comparison to the t.hlcker ones resch higher
deformation velocities for & condtant mput energy. The specimens of mild steel,

which need in genersl a higher deformation energy and which can sustain a larger

" impulse, reveal a dependence with the Jowest slope, - .-

Since the values in the energy and impulse disgram (Fig. 8.16 and Fig. 8.20) are
drawn in logarithmic scale the curves reveal & quite linear behaviour. Therefore it
can be estimated that the values behave according to a power law;
The dependsnce of the average deformation. velocity on the energy:

Voo =B b
and the dependence on the impulse:

Voy = o* +b
The coefficients ¢, b, # can be obtained from the diagrams.
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Figure 8.17; Pictures and local deforination velocities on the centre line of a mild
steel specimen with a thickness of 1.0 mm. "The maximum pressure of the shock wave:
is p = 65.0 M Pe, the mpulse 7 = 17,74 Ns and the shock wave energy B = 440.3 J
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Pigure 8.20: Average deformation velocity versus shock wave impulse

8.3.2 STRAIN RATES

~ From the time the metal needs to respond_ to the impulsive loading, the strain rates
“can be deterniined. For the natural strain the strain rate i defined as follows:

-de

'dt

(8.18)

The strain rats hay an effect on the behaviour of the metal during the deformation
process. In [12] the following table i given to c]asmf,v,r the strain rites dnd to ghow

-their effects and the thermodynamic conditions.

Effect or condition

1081 10-% — 1021 i
0-10%} 107°-10%} >10%

Isothermal

Steady sirain rate =,"- Fflz,t).

Increased resistance to Aow

Adisbatic (thermodynamic)

Elastic & pla.stm wave propa.gmon effocts
- Unsteady strain rate e = f(z,3)

X
X X

g

S EYEYEY

Tuhble 8.2: Basic stain rate efects and tharmodynamic conditions [17]

From the table it can be seen that, in the static range, heat s dissipated fast enough
to maintain isothermal conditions. As velocity increases, adiabatic conditions are
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Figme 8.21: Strain rates versus liquid shock wave energy, circular chsks

~uproachied in which the hest does not dissipate from the specimen during the
deformation process. Up to 10% s~ wave effects are negligible and a steady strain
rate exigts. That means that the strain is not a function of both pusition and
time.. For higher strain rates the resistance to flow increases, which leads in the
dynamic stress girain disgrams to an elevation of the curve above the static one.
The ductility of the matal under high strain rates depands on the material. Tt might
increase, decresse or remain constant as for low sla-am rafes.

The strain rates in this section are determined by using the effective strains cal-
_culated with edn. 8.9 and the deformation times obtained from the experiments
performed with the high speed video cameras. ‘Tho averege deformation speed has
to be considered becase the pictures do not automatically show the maximum de-
formatior of the test specimen. The time difference between the largest deformation
- on the picture and the maximum deformation measured after the test is calculated
using the average deformation speed. In Fig. 8.21 the strain rates versus the shock
wave enarg; sre shown, The results show in this rangeofstra.mratea a nearly linear
behav:our '

8.2.3 STRAIN RATE MEASUREMENTS DURING 'I‘HE DEFOR;—_
M.A.TION PRO OESS '

" 'The optical sct-up shown in Fig. 4.9 gives the possibility to gtudy the behaviour
- of the metal specimen during the impact simultaneousiy from fwo directioss. The
set-up of ths mirror system enables the camera to record the side view and the .
bottom view of the test speci- @ in one picture. The side view reveals the shape -
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" Figure 8,22: Side and bottcm view of deforming copper speciraen showing two su-
‘perimposed pictures at 122 ua and 244 ua

of the deformed specimen during ihe deformation as already described in section
8.3.1. The bottom view aliows the movement of the grid, which was painted outo
the specimen before the test and allows the strains during the deformatiom to be
determined. By using the straing and the time at which the picture has been recorded
the strain rates for that particular deformation stage can be calculated,

As an exnmple Fig, 8.2 shows a picture of a 0.9 mum copper plate. The laft side
of the picture shows the side view and the right side shows the bottom view. The
quality of the picture is not as good as the quality of the pictures in section 8.3.1
gince the spechnen had to be illuminated from the bottom and the side, which
results in some reflections on the image, The phofograph shows two superimposed
‘pictures taken 122 ps and 244 ps after the impact ©f the shock wave. The first
pleture taken at 123 ue shows the defomnation process at an int mediate stage,
"The side view reveals clearly the plastic hinge. The maximum midpoint deflection
ab thig stage is 8.57 mm. The second superimposed picture shiows the deformation
at a later stage which is close to the final deformed shape of the specir < Paint
particles lifting of the specimen cax be seen in the second picture as -, The
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Figura 8.23: D_eforina.tion and local strx’.in. rates of the copper plate at 122 ,ué :

maximum midpoint deflection in this picture is 12.3 mm. The final deformation
of the specimen measured after the test is 12.5 min. The bottom view (right side)
of the photograph shows clearly the movement of the grid. The photograph shows
white lines with a brighter middle part. These white lines are the grid lines, which
have hoeen drawn onto the specimen with au initial thickmess of 2 mm. Since two
superiraposed pictures have been taken the photograph showa the white gric lines
at different positions, The bright middle part is due to an overlapping of the grid
lines from the first and the second picture. From the dislocation of the grid the

circumferential strain ¢y can be caleulated divectly by using equabion 8.2. The
radial digplacement is caleulated by using the civeular displacement and the actual
height of the peint measured in the side view photograph. The distance between
two measured points has been approximated a8 a sizaight lite. The radial strain can

. then be caleulated by using aquation 8.1. The thickness steain cannot be measured
and has therefore to be derived from equation 8.4. In order to caloulate the strain
rates the effective sirain is caloulated firat by using equation 8.9, Tha results of the
strain rates measuremsnts at two different deformation stages are shown in Fig 8.93
and 8.24, The figures show the strain rates and the shaps of the specimen a; the
gpecific times of 122 pg and 244 ps. : '

In Fig. 8.23 messurements have been made in the undisturbed centre pact, in the
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Figure 8.24: Doformation and local sirain rates of the copper plate at 244 4

. plastic hinge and outside the p]a.stm hinge. The resultn show a very Iow strain rate in
 the centre part and the maximum strain rate in the plastic hinge. This means that

., the centre is nearly undisturbed ag alrescy assumed in literature (e.g. [11] and {15]) -

and that the deformation process i& driven by the plastic hings, In Fig. 8.24 the

plastic hinge has already reached the centre and folded it forward. The values for

theat.rmnra.teaaremmgtowards the centre. Al the outer part of the t ¢ speciman
_ thestra.mrateatendbowardsseroduebo the clampmgofthedisk.

8.3.4 FINITE ELEMENT MODELING OF THE DEFORMATION .
PROOESS

The deformation process of fiat copper disks has been mumerically investigated by
using the commercial fintte elernent package AUTODYN 2.66. This program ia de-
seribed in gection 7.8. Tn the finite element model a planar two dimensional liquid
shock_ tube with a length of 0.5 m and an inner height of 56 mm (according to the
real shock tube) is considered. "The liquid shock wave in the model is generated by
simulating the impact of & Delrin piston on the water surface. For the tlelrm_piaton
and tha waler section a Lagrange processor has been used.

At the end of the 0.5 m long shock tube the copper specimen.ig mi;roduwd AT
TODYN offers for the modeling of thin structures a special "shell’ proceseor which
has been employed in this case. The equation of state used, describes s rigid, strain
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hardening material by defining the yield stress af certain strains. The start point

of the plasticity curve in defined by the yield stress af zéro strain. The material

" properties for t:ha copper spemmen have been taken from the static tengile tests.

Aa an example of the regults from these numaerical calcula.tmns '.'.he deformation
- ptocess of a 0.9 mm copper plate is shown jn Fig. 8.25 t0 8.32. The maximum

midpoint deflection of this example is 19.5 mm, which allows comparisons with
the expenmanta]ly determined deformation process of the 0.9 mm copper plate

~ . ghown in Fig, 8.16b. Toreachthsmmmummdpointdeﬂechonofwﬁ mm o
the mumerica! model a much stronger liquid shock wave had to be wsed (AE =

50%). This differerce between model and reality is moat probably due to the model
being plane two-dimensional. It was not possible to simulate the problem in an .

- axigymmetric model gince cell degeneration ocenrred on the axis of symmetry. In
‘addition to the model being purely two-dimensional a difference occurs in the contour |

of the numerical liquid shock wave a8 already described ix section 7.3, The pressure
higtory of the simulated liquid shock wavs can be seen in Fig, 8.33.

"The comparison between the mumerical resilts and experimental results shows a

_ -good qualitative agresment. The first six figures (Fig. 8.26 - 8.30) show velocity

plots of the lower part of the waber section and the metal specimen. Fig, 8.25 is taken

93 pg after impact of the liquid shock wave. The deformation has already atarted

and the metal is pushed forwards. Since the movement of the metal is restricted at
the outer pact dus to the boundary condition a plastic hinge is formed. This results
in the water particles being pushed inwards, The plastic kinge movement towards

‘the centra of the did can be seen in the following two pictures. The water particles

are pushed inwards even more which results in higher water velocitis behind the
plastic hinge. The centre pari of the metal specimsn. stays a little bit behind the
plastic kinge which can be seen In the Fig. 8.26 and 8.27. Fig. 8.27 shows the
specimen 123 ys after the impact of the Nquid shock wavs and can therefore be -
compared to the second picture in Fig. 8.16b which has been taken 123 ps aiter
impact. The development of the plastic hinge is quite eimilar. The length of the
fat centre part {8 about 26 mm. ir both pictures. The numarical simulation reveals
velocity vectors pointing inwards for the outer patts of the metal specimen, which

" have already been deformed by the plastic hinge. In the following plcturea {Fig. 8.28

and 8.20) the plastic hinge reaches the centre. The water particles are still pushed
inwards which leads to & maximum velocity in the centre. This resulis in the centre .
part being rapidly pushed forwards. The final deformed shape of the specimen can

' be sean in Fig. 8.30. The metel and the water velocity has dropped to zero.

The deformation velocities of the metal apecimen in the centre part are shown in
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~ Fig 834, In‘thé ﬁguréit can be seen that the maximum deformation velocity ogcurs
- right at the beginning of the deformation. With increasing deformation the velocity
- drops down. This is in good agreement with the experimental results shown in Fig.

' . .-'816aa.ndb Theseﬁgureaahowalargavelomtydropﬁomtheearlyatageofthe
. deformation and thsnaga.m a large incresse of the veleclty when the centre folds

' forward

“With the liquid shock wave impacting on the meta) specimen the deformation com-
" mences and the shock wave does not get reflected. Instead an expangion wave js
generated which travels up the shock tube, The generation of the expansion wave,
which is possible in the muinerical model since pure water it sssumed, is due to the
fact that the deformation velocity of the metal i higher than the velocity of the
water pacticles induced by the piston. The local flow has to accslerat to remain
 attached fo the plate since the deformation velocity for the copper specimen at the

" beginning of the deformation. process is higher than 90 mfs (e Fig. 8.34). The :

velogities of the water particles behind the shock wave, which are equal to the im- -
pact velocity of the projectile, are 60 m/s. ¥n Fig. 8.31 and 8.32 two contour plots
 are ghown 28 ps and 73 s aiter the impact of the shock wave. The plots show
‘the generation of the expansion wave., The expansion wave can. also be seen in the
simulated pressure history in Fig. 8.38. The time duration of the expansion wave is
similar to the dsformation tims of the metal specimen. The pressure history shows
the reflection of the expansion wave at the {op end of ths liquid shock tube, where
. _the Delrin piston i still lying on the water surface. The reflected expansion wave
" ig characterised bgr the aecond negat.ive pressure peak and. the following presaure
- increase.

a7




© yaoory

VRS
§33F3 Csa00E0
433 Veboaily :
050602
EEE LBEH0
3§ 3 {om gonas)
3 CIGE P56 -
T = 3I02EH2

05K CORPER PLANIR SHELL LAGRANGE

F:gure 8.95: AUTODYN 2D-model: Deformation of a 0.9 mm copper plate at 23 ,u,s
"after impact of liquid shock wave (velo::lty ioule units in [cmfps] and dimension
scale wnits in fern])

YooY
YECTORS

Scde
—
4000E-22

Yeammum
Vebodlly
1580613

See
ZO00E+00:
{emgonus)
CYCLE 2048
1= 150E402

A4 COPER FLANAR IELL LACRARSE

Figwre 8.26: ﬂUTO]jYN 9-model: Deformation of a 0.9 mn copper phte ah 73 po
after impact of Tiquid shock wave (velocity scale units in [orn/us] and dimension
scale units in fem])

88




VeLaGHeY

EERRRE S v
ERERERE o
E - Seaf
25 3 s
P33 002
: Moinm
_ 3 - Velly
3 3 3 i 5303
1833 1800EK
ma— (amgnd)
CYUE 2340

T = HOO0EHY
Q.08 COPPER FLARAR SHELL LAGRAMGE '

_F:gm:es 27: AUTODYN 2D-modal: Deformation of a 0.9 min copper plate at 128 it
after impact of liquid shock wave (velocity scale units in [em/us} and dimension scale
aite in [an]) '

| VEOUTY
VECTORS

Soct
——
4 000E-2

 adom
Yeoelly
B.I97E-03

o Seds
TVOERT
2 - {emgmus)
| _ L CrolE 2633
T = 450402

e . ....
vazpn, vasw
Tkl

05301 COPPER PLANAR SHELL LAGRARGE

" Figure 8.28‘ : UTODYN 2D-model Defomatmn of 2 0.9 mm copper plate at 173 s
 after impact of iquid shock wave {velocity scale units in [emn/125] and dimension geale
units i [erm])

89




VEOUTY
YECTORS

e

Warimum

. Valcly
4339003

Aemamnern

i T

100E#00
. {emgmus)

05V COPPER FLANAR SHELL LAGRANGE

T=SMEAL

Figure 8.20: AUTODYN 2D-model: Deformation of 0.9 mm copper plate at 323 s |

after impact of liquid shock wave (velomty scale units in [em/ps] and dimengion scals
units i ,_mil)

VELOCRY
VECTORS

Seale
3000E-02
* Hidmum

" Yaloeity
4 860002

LI00F400
{emomus)
TYOLE 3206
T = 8506407

0300 COPPER PLARAR SHELK lAGRAIBE

" Figure 830' AUTGDYN!ZD—mﬁdéL Deformation of 3.0.9 mim copper plate at 273 ps .
- after impact of lic. id shock wuve (velocity scale uniis in [an/ps] and dmeusmnsca.le
- unitg in [cm]) '

90

s e APl e o sl . d i < o oo




e
A2
JA0E-04
o
0QGE+00
H-uuw :

{esngomis)
CYCLE 1756
T = SO00402.

O34 COPPER PLAVR SHELL LAGRAMGE

Figure 8.31: AUTODYN 2D-model: Contour plot at 23 ga after impact of liquid
shock wave on the specimen (pressure it [gm/{em ps?)])

PRESSURE

LA
S Ryt
b L3004
~pAI0E-04
S 104

" (emgmas)
CYLLE 2048
T = 350146

0.5 COPRER MIBR SHELL LAGRAMGE

. Pigowe 8.3% AUTODYN 2D-modsl: Contour plot s 73 s after impac of liquid
shock wave on the specimen (pressure in {gm/(cm us®)])

a1




e

’ ~5e

i &l
Time[ g7 ]

Figure 8.33: AUTODYN 2D-model: Liquid shock wave pressure history

1B@ PEFTTEETITIIT TR T T T T I TT T T T ITTITTTT TRTTITITTIT o iiaad

 Velocity fms]
¥

.B” 1B 771 B [f:

Figure 8:34: AUTODYN 2D-model: Deformation velocity measured in the centre of
~ the 0.9 mm copper phta :

92




9 FORMING OF CYLINDRICAL ME’I‘AL
. TUBES

Oircular metal tubes out of mild steel and copper are ivestigated with respect to
their deformational behaviour. The stress sud strain state of the deformed tuber
- is determined experimentally and the deformation energy is calculated. The deior
mation process during the impact of the iquid shock wave is optically Inve stigated
and the strain rates ave calcilated. The forming of cylindrical bubes into eylindr.cal,
hexagonal and octagonal dies ia examined and the results are presented. |

9.1 FOCUSING OF THE LIQUID SHOCK WAVE INTO
THE CYLINDRICAL TEST 'I‘UBE BY MEANS
OF A NOZZLE

For the formmg of cyhndncal metal {ubes the liquid shock wave has t0 be fncused
into the inside of the tube by means of a nozzle. The set-up of the test section and
thearmngementofthenozzleandthstestapemmencanbeseenmmg 45 The
behaviour of the liquid shock wave passing through the nozzle has been mumerically
investigated by using & finite element solver implemented by Felthm [38]. This
finite alement solver uses the Euler equations. The use of the Euler equations, which
ignore the effecis of viscosity, is acceptable since the length of time over which the
shock wave acts is much shorfer than the time period over which viscous effects will
develop [39]. The finite element solver uses a Taylor-Galerkis: algorithm ([40]) which
is used in conjunction with a Flux-Corrected-Transport algorithm [41] to maintain
high resolution of discontinuities, For refining the mesk appropriately an adaptive
refinement algorithe ‘was used [42).

The results of this mumerical simulation are shown in Figa. 0.1 - 0.4. The initial
ghock wave has a maximum prossure of 47 MPy. The elapsed time is tak3n from .
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Figure 9.1: Buler model 2t =4 ps ' Figure 9.2: Euler model at ¢ = 12 uas

. Figure 9.3: Euler model at =20 4s  Figure 9.4: Buler model at t = 98 us

 the first cantact of the shotk wave with the nozsle. Tr all cages the shock wave is
tmvel.mgﬁ:omthelefbtnthenghthandsﬂe Each hgure displays the isopycnics
(contour lines of equal density). In the figures the liquid shock wave passing through

' the nozsle is shown. With the impact of ths shock wave ou the side walls of the
nozale s reflected shock wave is generated (see Fig. 9.1), which has a curvature
pointing inwards and is travelling in the same direction a8 the initial shock wave.
Finally the reflected shock wave catches up with the initial shock wave dus to the
higher speed of sound in the compressed medium (Fig. 9.2 t 5.5). T“sleadstoa..

- magnification of the pressure of the initial shock wave.

A typical experimental pressure diagram for the set-up with nozzle can be seen in
Pig. 8.5. A fourth pressure transducer has been imtroduced immediately under the
nozzle. ‘The initial shock wave yields a maximum pregsure of 47 2 'a and an energy
of 607 J. 'The pressure behind the nozsle kas been m* - fied to 171 MPe. In the
OFD calculation the focused shock wave yields & meximum pressure of 215 M Pa.

8.2 STRAINS AND STRESSES OF DEFORMED METAL
TUBES

Similar to tha case o!:' forming of eircular plates a grid is puinted onte {1 cyhndrmal
tubes before carh test. After the test the deformations are measured by using the

Heidenhahn MT 60 electronic gaugs for the thickness reduction, a vernier gauge for
the radis] expausion and the Nikon Profile Projector for measuring the longitudinal
deformation. Since the adjustment of the profile projector ia vertical to the bube oxly
the vertical displacement can be mevsured. The actual longitudinsl displacement
has to be calenlated from the vertical displacement and the actual radius of the
point. The distance between two points iy approximated as a straight lme.
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Wigure 8.5: Pressure history for an alumintum projectile (0.87. kg) with focusing
nozzle at the bottom end of the shock tube, Transducer 1, 2, 3 and 4

Due to the greater energy requirement for the deformation of tubes the shumintum
piston with & mass of 0.87 kg and the ateel piston with & mass of 3.665 kg were
used for the test with the copper l:ubeu and for the tests with the mild steel fubes
respectively,

The results of free forming of cylindrical mild stesl and copper tubes tubes con
. be geen in Figs. 9.6 and 9.7 respectively. The figures show that, after an initial
deformation. over the whole length of the tube {see e.g. Fig. 9.7, first tube), the
Jeformation at the top part lags behind the déformation of the bottom part. This
leads to = final shape of the tubes which is more bulged towards the bottorn. With
increasing defarmation the maximum diameter starts to move towards the centre,
This can also be seen in Fig. 9.8 and 9.9. The dingrams display the change of
dismeter of the deformed tubes and show the energy and maximum pressure of the
ghock wave. The phenomenor of the maximum deformation, being closer towards °
the bottom, can be explatned with the shock wava travelling from the top of the tube
to the botbom. At the end wall the shock wave gets reflected, which results in double

the pressure at the bottom of the tegt specimen. Since the tube is restraived &b the

top and the bottom by means of the free forming die, the tube cannot expand freely.
"This results in the maximwn diameter moving with increasing pressm-e energy from
tha bot.tom of the tube towards the centre. :

The thrée natural atrains, the hoop, the‘ longitudinal and the thickness strain, can
be calculated by using the measured deformations and the following thres equations.
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Figure 9.6: Pictures of deformed mild steel tubes. Meximum diameter increases .
from left to right hand side fmm]:24.1, 26,0, torn :

Figure §.7: Pictures of deformed copper .ubss. Maximum diameter increases from
_ 1afk to right hand side m]:21.4, 547, 25.2, 25.4, 26.35, 26.6, forn
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‘Pigure 9.8: Change of diameter versus length of deformed mild steel tubes
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Dismater of dsformed copper tubos
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‘Figure 9.9: Change of diameter versus leagth of deformed copper tubes

~ Hoop strain:

o =" )
- Longituding) strain: '
| I. | £f = Inf% _ : _ .(9.2)
. Thickneas atrain;
€ = .!n% | (8.3)

The strain conditions for the deformed test specimen are found fo be closs to piane
strain (Plane strain: ey, = 0and ¢, = &) since the longitudixal deformations are very '
small. Wilson [12] reported the natural straine 5o have a combined stress condition
between plane strain and simple tension but more closer to plans strain with an
exponent factor approximating —0.9, The thickness reduction js then given by:

1= gm0 ' : '_ {9.4)

In Fig. 9.10 the natural strains versus the length of a copper *ube are shown. a5 & -
typical exemple. Té can be seen that the behaviour of the natural styaivs is cloge
to plane strain. The longitudinal strains have approximately —0.1 to —0.2 times
the value of the hoop strains, which is in good agreement with equation 9.4, Tha
" natuxal strai varistion is also in accordance with the constancy of volume law (sce
equation 8.4). ' ' :
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Figure 8.10: Variation of natural strains for a copper tube with a wall thickness of
1.4 mm after impach of the liquid shock wave With Dpe; = 53.2 MPa, E= 601.7 J,
I=37.6Ns

o - - ' :
o 10 20 £ 4 6o
Length [m} :

. Figure 0.11: Variation of stresses for a copper tube Witk a wall thickness of L.4mm
after impact of a liquid shock wave with pray = 53.2MPa, E = 691.7J, I = 37.6Ns

For the calculation of the stress state in a deformed cylindrical tube the Levy - Mises
plastic stress strain relationship is used (see equations 8.5). The tube specimen can
be regarded as thin walled and therefore the thiciwess stress can be neglected. In -

- Fig. 9,11 the stress state of the sume deformed copper tube can be seen as a typicsl

example, The diagram shows thab the longitudinal stress is a little bit smaller than
half the hoop stress. For a plane strain condition the longitudinal stress would be
exactly half the hoop stress (o7, = 0.5 o) but since the stress condition is between
simple tension snd plane strain, oy, is smaller.
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9.21 DEFORMATIION ENERGY FOR CYLINDRICAL TUBES

The equation for the deformation energy has been derived in sectiou 6.3. By using -
the strain distribution of the deformed ¢ylindrical tubes, which has been determized °
in section 8.2, the total deformation energy of the tubes can be calculsted. The grid,
whmhhaabeenpamted ontothsepecxmenbeforethebeat divides the free formed -
section into nine equal pacts along ths longitudinal axis. The calculation js therefore
spht into nine parts ss well.

AL

Hor the calclﬂahon of the effective sirain equation 8.9 has been used. The volume
" of the nine gectiona of the test apemmena:emtegrated by aasummgaclrculanmg
elemant thh constent thxckness and constant strain,

dV=2:r1ﬁ_—

D2 I2— Ll

V ﬂT/ \/ (D2 m
Vi= -am‘/ Ii':+1 ([-Di-l-l"‘De 1}

The results of the deformation energy calculation for 1.4 mu copper tubes and
1.8 mm mild steal tubes can be seen in Tahle 9.1. The table shows the maximum
deformation of the tubes, the calculated deformation energy and the energy of the
_ initial ghock wave. The difference between the energy of the initial shock wave and

- the deformation energy is quita large which is due 1o the shock wave focused through
* the nozzle into the bube. A major part 6f the shack wave gets reflected ab the nozzle

and i3 not passing throvg' it(see the reflested shock wave in Fig. 9.5). Therefore

only a small portion of the total amount of energy can be utilised in the deformation
. process, : :

9.3 OPTICAL INVESTIGATION OF THE DEFOR--
'MATION PROCESS |

' The shadow photography system described in section 4.3 has been used for the
optical investigations. In comparigon to the optical investigations of circuler digks




Ma.mrnum Deformation Deforms.t:ml Energy Shock Wave Ene:gy

BT ]
‘Copper tubes: o '
21.2 10642 400.1
24.7 237.23. 526.0
'25.2 27805~ B718
25.4 2804 - 589.0
%8 . 29573 607.0
26,35 208.95 . 6863
266 298.03 X
Mild steel tubes: ' o
23.95 ' 852 1995.54

26.0 o oo 4223 ' 2373.62

Table $.1: Deformation energy for cylindrical copper and mild steel tubes

(see section 8.3) no special test specimen were naeded since the cylindrical tubes are
restrained only at the top aud bottom by tie free forming die. The deforming part
of the tube is therefore not covered. (see Fig. 4.6), Good results have been cbtained
for a camera setting of three superimposed pictures with an exposure time of 11 p5.
For the optical teats copper tubes with a1 ~¥ thickness of 1.4 mm hava been. used.
No optical test have been performed with mild ateel tubes since very high pressures
have o be used for the deformation of the steel tubes. In vase of tearing of the fubea
this high pressure would d.lachargemto the test section and could result in breaking
of the test wmdm :

9,3.1 DEFLECTION TIME HISTORY

Two typical results of the optical investigations of eylindrical tubes can be seen in-
_ Fxg 9.12 &) and b). To magnify the deformation process in the picture an aspect
ratio of 2:1 was chogen which leads to the oval shape of -he test section window. The
white line indicates the undisturbed specimen. The first photograph (Fig. 9.12a)
shows an early stage of the deformetion process. ‘The three superimposed pictures
have been taken 35 5, 126 ys and 217 ps after the shock wave has arrived at the.
centre part of the tube. The pictures show that the deformation starts at the top of -
the tube and that the bottom first remaing undisturbed. For the second photograph
a larger delay has been chosen to visualise the final deformation process. The thres.
superimposed pictures have been taken 271 ps, 612 ps and 753 ps after the arrival
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" Figure 9.12: Pictures of the deformation procoss of copper tubes a.) p = 58.3 M Pa,
I=356Ns £=6834J00.)p=428MPa, I=316Ns, E="5005J

of the shock wave. In the first superimposed picture the deformation at the bottom
part is already nearly equal ko the deformation of the top part. In the second picture
it can be seen that the deformation at the top has slowed down. The deformation of
the centre part of the tube stays behind the deformation of the bottom and orly in
3 the third picture it can be seen that the point of maximum deformation is moving
towards the centre of the tube. In this test the whole deformation pr'ooess stopped
before the maximum deflection reached the centre of the tube. Therefore the final
aha.i:e of the tube shows a larger deformation towards the hottom part.

This unsymmétrix:é.l behaviour of the teat specimen can alzo be seen in the defor-
mation velocities, which were calculated for three different deformation stages and
at three differetit points of the tube. Similar to the calculation of the deformation
velocitics for circular disks in zection 8.3.1 the velocities for the tubes have been
calculated by measuring the difference in the position of the specimen for each pic-
 ture. The time duration between each picture was obtaired from the camera setting
(271 ps for the first and 241 ps for the last two pictures). The deformation veloc-
ities have been determined au the top (15 mnm ahove ceutre), at the cenfre aud at
the bottom part (15 mm below centre} of the tube. The results are shown in Fig.
9.13 and it can be seen that the deformation velocities for the top part are lower
than for the bottom part which leads to the ynsymmetrical deformation of the tube.
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~ Figure 0.13: Deformation velocity at Jifferent points of the tube

- The deformation velocity at the bottom desreases drastically towards the end of the E
deformation process {see Fig. 9.13 at 763 us) since the movement of ths metal is
restricted due to the free forming die.

The average deformation velocity meagured at the centre of the tube is mich slower
in comparison to the deformation velocity of circular plates. For the test in Fig.
9.12b the mean velocity of the moving metal in the centre of the specimen waa
9.34 m/s. - ' ' '

'9.3.2 STRAIN RATES

The strain rafes in this section ars determined by using the effaciive strains cal-
culated with Egs. 8.9 and 8.16. The deformation times are ohtained from the
- experiments performed with the high speed video camera. Therefore only strain
rates for the copper tubes have been obtained since no optical tests for the mild
steel tubcs have been performed. The deformation of the tubes was measnred at
the cenire of the tube. As already mensioned in section 8.3.2 the average defor-
* mation speed has to bie considered because the pictures do not sutomatically show
the maximum deformation of the test specimen. The time difference between the
' Jargest deformation on the picture and the maxiwum deformation measured after
the test is calculsted we g the average deformation velocity. In xig, 9.14 the strain
rated versus the shock wave energy are shown. The poipts show a nearly linear
behaviour in this range of strain rates. In compacison to the strain rates for the
forming of flat plates the strain rates of the cylindrical tubes are lower, which is
due to the lower deformation velocity. The gtrain rates for the tubes lie iu a range
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Straln Ratas versus Shock Wave Energy
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Figuro 9.14: Strain rater versu liquid shock wave energy, cyiindrical tubes
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9.4 FORMING OF CYLINDRICAL TUBES INTO DIES

Mild ateel tabes with a wall thickmess of 1.6 i and 1.24 mmn have been deformed
into cylindrical dies. Five dies with a diameter of 22 mm, 23 mm, 24 mm, %5 mm
aud 27 mm were available and have been tested. A schematic drawing ofa $22mm
die can be seen in Fig 9.15. The maximumn elongation AD/Dy for a tube which
has bean fully deformed into the die covers a range of 15.48% for the 022 mm die .
up to 41.78% for the § 27 mm dic, The heavy steal projectils (3.665 kg) has been
“used for ths experimenta. The results are shown in the Tables 0.2 and 9.3 for the
1.8 mm and 1.24 mm tubes respectively. The tables show the maximum pressure,
the energy and the impulse of the initial liquid shock wave aud the filling grad ; of
the die, The filling grade distinguished betvreen five different deformation stages of
the tube which are:

1. tubemttoucbmgthewallﬂfﬂ:lsdle

2. tubetoucheswaﬂofthedwoveracerﬁmlangth(max 30mmseeFlg.915)
| 8. die filled except corners

4. die completely filled

5. torn
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Shock wave  Shock wave  Shock wave Filling grade
- pressure [MPa] energy [J] impulse [Ns]

22mmdie . - 66.66 320262 1225 4
. 4B9E 18248 0807 3
2Bmmm dis 604 34966 136.52 - 4
24mm dia 66.4 3113.23 1222 4
- 60.2 27622 143 4
- 2b6mm die 57.04 . 24836 1076 = 2 (15.0mm)
SR 58.6 2482.5 1i0.0 2 (20.4rvm)
6904 . 27284 . 143 4
. . 573 2649.3 1145 3
2T die 434 ~ 1096.0 1020 _ 1
' B3I 23740 114.0. 1
 50.46 95863 . 123.8 B

Table 92. Fﬂlmggradeandm&rgyrequirementsforfomungofmﬂd steel tubes
{1.6 mm) fnto cyhndnca.ld.tes '

Shock wave  Shock wave Shock wave F:Ilmg grade
presgure [MPa] energy [J]  impulse [Ns]

22mm die 58.2 26169 - 111.93 4

28mm die = 522 243448 1149 4
Mmmdie ~  BLT8 33008 128.3 4
 26mm die 58.08 2620.4 111§ B

451 14982 85Y. 4

27mm die 52.88 23742 - 110.88 5

S 84,6 124185 83.53 5

Teble 9.3: Fﬂhnggmdeauﬂenergyreqmremtsfnrformmgufmﬂdsteeltubes
{1.24 mwn) into cylindricat dies

The results show that in comparison to free forming much mere energy is naeded
to £11 the dies completely (see Figs. 9.8 and 9.9). Despite this high pressurs energy
the tubes do not tear since the movement of the metal is restricted due to the die
walls, ' _ : :
The § 27 mm die could not be filled sincs the diameter of this die exceeds the
-maximum pogsible elongationof the mild steel tubes. In thia case significantly less
enerm'lsneedecitot“"thehlbes Aphotogmphofatubedeformedmtothe
ﬂ24mmdlecanbemmFxg. 918 :
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'Figure' 9.16: P 24mm cylindrical die i.vith a deformed mild steel tube, 1.6 am wall |
‘thickness after impact of a shock wave with Py, = 66.4 MPa, I = 122.2 Na,
E=311323J - .
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Expenmenl:s have been performed o transfonn a cyhndncal tube into a hexagonal-.

oroctagonnltubabydefommgltmtoadleofthmahapc. Thehemguwd:ehma.
diagonal length of 22.5 mm and the octagonal dis 22.8 mm. A schematic drawing

. of the octagonsl die can be seen in Fig. 5.17. The experiments have bean carried

ottt with copper tubes of 1.2 mm wall thickness, A photograph of a cylindrical
. copper tube, whick wag deformed into & hexagonal die_, is ghown in Fig. 9.18. The .
. picture shows the deformed copper tube next to the die and it cau be seen that the
transformation of a cylindrical into a hexageral tube wny possible. The sma.ll round
imprint on the tubs results from the vacutun line Yol in the dfe. D
The results of the expen_ments performed with these two dies can be seen in. the
Tables 0.4 and 0.5. The tables show the maximum presgare, the energy and the
impulse of the initial liquid shock wave. The filling grade of 41e die was detemined
by messaring the diagonal length of the deformed tube. For the experiments the
aluminium (0.87 kg) and the ateel (3.665 kg) projectile have bean used. The results
in the tables show an interesting phenomienon. ‘The maximum diagonal length of
the deformed tubes was produced with the Kghter aluminium projectile despite the
highest amount of pressure energy was génersied in the experiment with the steel
projectile. A resgon for this is most probably the time duration in wiiich the pregsure
exergy is delivered {o the test specimen. Theduratmnofthaqudshockwave
" generated by the atuminium projectile is much shorter than for the steel projectile.
Therefore the power of the liquid shock wave generated by the almintum projectile
is higher than for the stesl projectile. o

Projectile ~ Shock wave = Shock wave Shock wave Diagonal lengih

pressure [MPg]  energy [J]  impulse [N4] fmm]

Al [0.87kg] = 538 - 699.7 36.1 21.86
A1 [0.87kg] 49.0 688.0 849 22.15
A110.87kg) 6242 - 9024 404 22.25
AlJo.87kg] 741 1505.92 55.79 22.32
Steel [3.665kg] 4.3 1769.9 92.15 218

Table 9.4: Filling grade and energy requirements for forming of coppa: tubes
(lﬂmm) mtothehexagonald.le
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Figure 9,18: Hexagonal die with a deformed copper tubs. 1.2 mm wall thicknesg after
impact of a liquid shock wave with Ppaz = 62.12 MPa, I =40.3 N3, B =9024 J
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Projectlle  Shock wave  Shock wave Shock wave Disgonal langth

N presaurg [MPa] _emergy [J] impulse [V, 8§ [mm]
Al[08Tkg] - 892 - 8280 - 39.1 225
Ali0.87kgl ~  57.36 98308 4Dl - 2.7

Steel [3.665kg] . 470 197.8 98.56 .25

‘I‘a,ble 9.5. Filling grade and energy reqmrements for i'or:mmg of copper tubes
(1.2 mm) mtotheoctagonaldle '
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10 CONVERSION OF THE SHOCK TUBE
TO DIAPHRAGMLESS OPERATION

To operate the liquid shock tube two diaphragms have to be fitted before each test.
 The first dinphragm separates the high pressure driver from the driven section and
the second d!aph.ragm covers the water section {see section 4,1.3), The changing of
the diaphragims i§ very time consuming and fragments of the ruptured diaphragms
- get into the driven and water section and have to be removed. 'To reduce the time
between. two tests, to gel greater repeatability and to make the liquid shock tube
' guitable for industrial mamfactty, ing purposes the demgn of the e:ustmg hqmd ghock
tube has been changed., -

'10.1 THE DIAPHRAGMILESS WATER SECTION

The evacuaﬁed driven section and the water section are aeparated by means of 5
plastic diaphragm. ‘The purpose of this diaphragm is to kesp the waler surface
smooth and to prevent the water from boiling,

Tests in the projectile mode have been performed with a vacuum close to the evapo-
rating pressure of water and without a diaphragm to cover the water section. These
teats reveal that micro bubbles have been generated in the water due to ths evaporé.- .
tion. These bubbles absorb paxts of the liquid pressure energy. That menns that the
- pressure and the energy of the liquid shock wave decrease rapidly with increasing

‘travel distance of the shock wave, Therefore the vacuum containing dnven. gection -

}-»dtobechangedmordartomakethadmphmgmunneceaaary _
An interim piece has been designed, which conkains two longitudinal glol. opposita
to each other. The interim piece is situated between the driven aud the water sec-
tion. The water in the water gection is filled up to the bottom of the slots, The
driven section is no longer evacuated since the downwards moving projeciils is able
to push the air vhrough the slots out of the tube. This additioual work results in
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~ Figure 10.1: Schematic drawing of slotted interim section
energy loss of the projectile. This disadvantage is not aignificant since more than
enough presgure energy is available (see section 4.1},

. Afier the test the two slots ave dloged by mess of two plates. The-projectile can
now be pushed back into the initial position by introducing high pressure into the
interim section. The design of the interim section can be seen in Fig. 10.1.

10.2 THE DIAPHRAGMLESS DRIVER
To improve the performauce of the liquid ahock tube the dinphragm which separates
the high pressure vessel from the driven geckion hsd to be replaced. This was done -

by means of a disphragmiess driver. It was the objective to design & new concept
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for a diapheagmless driver that is able to work on gas shock tubes. as well as on the -
liquid shock tobe. For the projectils mode of the liquid shock tube the opening bime
of the new driver is 7ot too important since the projectile velocily is much slower
' thauthaapeedofsnund. Tugenerat{. shockwavesmgasestheopenmgﬁmemwry
nnportani:. The optimum would be an instantaneous opening of the driver (which

. caunot be fulfilled) to minimize the establishment time of the shock wave. With

increasing opening time the shock nieeds longer time to establish. H the opeuing of
the driver i8 too slow the shock cannot establish at alt and only a compression wave
is geneorated. To specify the performance of a driver the distance is measured that
the shock has to travel to fully establish. This is done in the Literature, by quotmg
the non-dimensional shock wmation length L/D. To determine if the shock is fully

esiablished the Mach Number and/or the rise time of the shock has to be recorded. -
An established shock is defined by a constant Mach Number and by a ghort rise
h‘me_ . . ’

™ determ.‘ne the performance of ths new driver ths tests have been performed Wlth
& shock tube set-up for gas shock waves (see section 4.1 1)

10.2,1 PREVIOUS WORK

In couventional shock tubes the high-pressure gas is separated from the low pressure
g8 by a metal or plastic diaphragm. "The advantages of using a diupbragm are the
simplicity of design of such systems and the fact that a diapbragm ruptures very
rapidly to produce & shock wave in short distances, The disadvantages are mumerous: -
 The ruptured fragments of the diaphragm can contaminate and even damage the
shock tube. The presence of diaphragm fragments during a test and the varying
" nature of each diaphragm rupture cause s lack of expeﬂmental :syrodnm’bihty in -
Mach nymber. The raplacement of diaphragms can be coatly, time consuming and
can lead to test gases diﬂ'umng into the laboratory.

Qver the last 30 years numerous reseamhe:s have used dﬁerenj: piston and rubber
valve systems to replace the diaphragm. Gearen et al. [43] replaced the diaphragm

a with a rubber disk, to generate weak shock waved. This disk was pressurised and

thus bulged to seal the Iow-preasure part of the tube from the high-pressure driver.
When the pressure behind the disk was vented tha shock wave was initiated. The
shock tubes used were 97 and 133 pipa diameters long. Oguchi et al. 47] used a
suap-achion valve consisting of two pistons. The main piston sealed {he high-presaure
driver gas from ths low pressure driven gas, A smaller auxiliary pisto actuated the
main piston via a system of pregsure venting. Pressure readings at 80 pipe diamisters .
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* indicated that the Mach 4.1 sliock wave was establ:shed Onioder: [44] J.mproved on
‘the design of Oguchi et al. [47] by combmmg the auxiliary and main piston into
a more complex single composite piston. The large front end of this piston sealed
the driver from the driven section of the shock tube, and was connected to the
much smaller back end of the piston by a stem. The volume behind the rear of the
piston was extremely small so that the high-pressure gas, preventing the motion of
the piston, could be rapidly dumpexd by a solenoid valve in order to initiate a test.
The volume surrounding the piston stem was evacuated bo provide Jess resistance
to the piston acceleration. Although this composite piston arrangement resulted in .
a complex sealing arrangement & 1 a heavy (1 kg) piston, the acceleration of the
piston to the desired stroke length was achieved quickly, due to the small volume
behind the piston. The rav-dimensional shock formation length L/D (formation
length/shock tube diameter) was 65 for & Mach 1.2 shock wave, Yang et al. [45]
used the rubber sheet method to obtain low shock formation lengths in the Mach
1.02 to 1.56 range. This i3 achieved as the rubber hias very low mass and jts elasticity
aide the rapid openiug of the driven section. Inorder to eliminate the expansion wave
aating from tha rapid movement of the rubber sheet into ils smaller un-deformed
area, a system of support blocks and grids were utilised to limit the displacement
of ths rubber sheat. Smooth post shock pressure traces wers obtained with & nop-
dimensional shock formation length of 40 for Mach 1.2 shock waves. The design. was
limited to a maximum Mach 1.55 shock wave as the pressure differance acrosa the
rubbar shest had to be maintained below one atmosphere, due to mitations in the
material properties of the rubber used, Itabashi et al. 46] designed one of the moat
" mophisticated single piston valve systems to date for reproducible operation in the
Mach 1.2 to 5 range, Tn most disphragmless shock tube designs the driver eficiency is
lower than that predicted by slmpleshock tube theory that assumes an instantaneous
diaphragm rupture. The ratio of driver to driven section pressures (ps/p;) has to ‘
‘be higher for a given sbock strength since the driver gas has fo negotiate 90 or 180
‘degree bends. Itabashi et al. [46] oumerically optimised the channel within which
' the high pressure gas flows to the driven section, thus resulting in a more efficient
driver than that of most previous designs. The single piston was accelerated by
venting the chamber behind it by rupturing an auxiliary disphragm. This motion
was assisted with 2 spring mechanism. In order to prevent piston spring back and
tt increase piston survivebility a spring and gas dynamic damper was utilised. The
- ghack formnation length for a Mach 1.2 shock wave was sbout 50 tube dismeters,

Tn order to obtain strong shock waves ar fo drive a shock into a ghock tube ab
" ambient conditions a piston system must be used. In all prgvious piston actuated
drivers, the piston resists the driver pressure and is held in place by a high pressure
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behind it. To accelerate conventiona! piston systevs suficiently rapidly to achieve -
short shock formation lengths two objectives have to be realised: Firstly the gas
pressure behind the piston had to be reduced rapidly to expose the piston to 2 large
differential pressure driving force. Secondly the gas has to be displaced from .the
~ auxibiary chamber behind the piston to allow the piston to move the réquired stroke
distance to fully apen the valve and prevent choking of the shogk tube. Normally to
prevent the overly complex design of the dual piston system, & diaphragm is used
to vent, the auxiliary chamber repidly. Although shock strength reproducibility and
prevention of shock tube comtamination (with diaphragm fragments) are achieved

' uging this method, the i mconven:ence of d:aphmgm raplacement after every test; is
gtill present.

In the design presented below there is no auxiliavy pressure chamber bebind the
single piston. Instend the chamber behind the piston is evacuated to provide no -
registanca at all to piston acceleration. Thus the piston is always exposed to the
full driver pressure and the problems of auxiliary chamber gas displacement are nob -
 present. Instead the piston is held in place by the friction force exerted on the
side of the piston by a steel brake pad mechanism, ‘In order to provide sufficient
force to the side of the piston the brake pad is held in place by a small pressurised
hydraulic regervoir. When a valve in the hydraulic reservoir is opened the préssure
drops almost instantly (since the hydraulic fiuid is practically incompressible). Only
a very small volume of fiuid has to be vented as the brake pad needs only to move
fractionally for the friction force to drop to zevo. Thus the piston is accelerated
rapidly against zero resistance, Due to the s:mphclty of the design the manufacturing
cost of the driver I3 low and the pmtondea:gncaneasﬂybeophmlsedtoreduce the
mass and the shock wave formation length further. '

10.2.2 DESIGN

The high-pressure driver gas reservoir is an annular cylinder wrapped around the
driven section. The driven section of the shock tube has a diameter of 56 mm and -
the ratio of driver ection to driven section crose-sectional azeas is 1.65.

The diaphragmiess shock tube driver is an independent unit placed on the top of
the shodk tube. Tt ¢onsists of a piston chamber, & vacuum chamber, a piston and a
hydralic cylindar. The piston seals the high-pressure vesssl from the driven section
of the shock tube. The driver is connected to the high pressure vessel and to the
‘shiock tube by means of an adapter system. Two o-rings are incorporated into the
adapter system o prevent leaksge from the pressure vessel into the shock tube or
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Figure 10.2: Three adapter rings

into the piston chamber. The two o-rings have to be captured since they would get
pulled out of the o-ring grooves by the rapidly upwerds moving piston. The captured
o-ring grooves, which ave difficult to machine ars the reason for the complex design
of the a&apter system, A photograph of the three adapter rings can be seen in Fig.
10.2.

A quarter circumference stainless steel ring - element is incorporated in the piston
chamber and used as a brake pad to hold the piston in position. The ring-clement
is actuated by the hydraulic cylinder. A photograph of tha partly assembled piston
chamber can be seen in Fig. 10.3. In the picture the brake pad ring element can be
seen, The brake pad is connected to a shadft, which passes through the wall of the
piston chamber. The large spring, which is used to pull back the brake pad is already
connected to the shaft gystem and can be seen on the left of the piston chamber.
One of the pistons (the hollow aluminium piston) is shown on the right side of the
piston chamber. The complete design of the system can be seen in Fig,10.4.

To operate the diaphragmless driver, high pressure gas (~ 10 bar) is admitted to the
vacuum zection first, This forces the piston into the initial position and presses it
againat the captured o-rings. By applying the appropriate pressure with the manual
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hydraulic cylinder the ring element presses the pistan agaiust the wall of the piston.

chamber and holds it in place by means of frictional force. A vacuum of about

40'mbar can then be introduced to the vacuum section and the driver cax be illed
with the high-pressure driver gas until the required pressure is reachied. To avoid
slipping of the piston the Frictional force between the piston and the chamber wall

hes to be kigher than the force on the piston caused by the d:ﬁ’e:eme between tha

_hmhpmsummthednmsactmnandthemummtbsvamumsectmn.

To injtiate a test & manual valve (it was not neceasaTy to use a solencid valve.) is
opened in the hydraulic chamber. This results in an immediate drop of the frictional
force. In addition to that the ring elament ig pulled back by a strong spring. The
piston then accelerates rapidly upwards into the vacuum section dus to the Efting
i'o_rce' of the h.lgh pressure and the vacuum (the total stroke of the piston is 21 mim
plus deformation of the damping pad). After the initial movement of the pisten the
high pressure acts over the whole area of the piston, which increases the foree on the

piston. As a result of the movement of the piston the driver gas can now discharge -
inbo the Iow pressure channel and form & shock wave front. The driver is reset by

re-prosgurising the vacoum section, to push the piston back into the initial position.

10.2.3 EXPERIMENTAL RESULTS

A. series of tests weve performed to characterise the operation of the new shock tube
driver. Three different pistons were used, sl having the same dismeter and height of
146 m and 30 mm respectively. Tha pirtons were wade from solid brass (4.4 kg),
solid PVO (0.71 kg) and hollow aluminium (0.38 kg). Pour pressure transducers
were used to record the pressure history. These pressure transducers were located
at 22, 32, 43 and 53 pipe diameters downstream of the piston. In all tests the driven
section of the tube was at atmospheric pressure (0.83 bar). The three pistons were
tested with the driver gauge pressure ranging from 2 to 50 bar, giving ps/p values
between 3 and 60. The maximum driver pressure was only limited by the maximum
capability of the pressure vessel and not by the piston/friction mechanivm. Fig.10.5
'illustxates the efficiency of the driver. It can be seen that the maximum deviation
. between the experimental and theoretical (ideal shods tube theory) was 9%, Thus
the los* "u shock wave strength due to the driver gas flowing around a 180° corner
is ok large. The maximmm errors occurred for the very heavy brass piston. because
the shocl w# « a8 not quite fully established at 53 pipe diameters.

© Inerder -1 establish the shock formation distance the average Mach mumber between
each pressure trensducer station was calculated and the rise time of the shock wave
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- across each pressure trannducer was recorded. Figure 10.6 shows the Mach mumber
- versus non-dimensional pipe length I/D, for several driver pressures, using all three

pistons. For the hollow atuminfum piston & Mach 1.33 shock wave was established at
between 32 and 44 pipe diaméters downstream. A Mach 1.44 wave war _stablished
between 22 and 32 pipe diameters, ‘The aluminium piston was not tesfed at higher
pressu:es, s deformation was observed on the rear face of the piston. This was due
to the fact that the skin thickness of the piston was only Smm. A more elegant

 design, such as & honeycomb filled core, could easily overcome this problem. The
44 kg brass piston wag tested at driver pressures ra~. - bebweon 20 and 60 bar,
At 20 bar the Mach number at the fowrth transduce was 173, while the fully
este¢blished Mach mumber vsing the lghtar PVC piston at the same driver pressure -
was 1.78, Using 50 bar pressure in the driver the Mach number was 2.02 at the
fourth transducer (53 pipe diameters downstream). The idesl Mach number with
10 losses is 2.2 at this pressure, In addition the rise time of the shock wave across the
fourth transducer indicated that the flow was practically established at this point.
The PVC piston was tested at driver pressures ranging from 3 to 20 bar, but it can
also be used ot higher pressures. Using the PVC piston the non-dimensiongl shock
establishment length was between 32 and 43 at Mach 1.4 and between 22 and &7
at Mach 1.6. Fig.10.7 shows the pressure history ab the fowr transducer locstions
for a Mach 1.44 test using the PVC piston. The smocth po.t shock pressure trace )
is observed in ths last two pressure traces.

_ The resulis show that the new friction operated single piston shock tube driver is

very effective over a broad range of driver pressures and shock wave strenjths. The
turn - around time between tesbs is exiremely rapid since ne auxiliary diaphragms are
used. As with all disphragmless shock tubs desigis the experimental repro. ~ibility
is greatly improved. The vse of a well designed hollow piston is rccomm. ed for
shock strengths ranging between Mach 1.1 and 1.4, with non-dimensional formation
lengths of between 20 and 40. For Mach murbers between 1.4 and 5 the use of a

' golid piston manufactured from a light material puch a3 PVC also results in shock
formation lengths br’wveen 20 and 40. The shock tube was tested up tn & Mach
number of 2, this was due to the fact that the test section was not evacuated and
only air was used as the test gas. The brake pad mechanism results in an extremely
simple design with rapid piston accelerntion. If desirable the wse of mumerically
optimised flow paths to reduce pressure loss around the bends in the vicinity of - _
the driver, as well the implementation of spring ges dynamic damper mechanisms .
behind the piston {to allow for the use of lighter pistons), as used by {47}, could ;
easily be incorporated in the friction operated piston driver concept. S
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103 PERFORMANCE OF THE DIAPHRAGMLESS
SHOCK TUBE IN PROJECTILE MODE

Tests have besn performed to test the xepeatabilit; and the performance of the
modified liquid shock tube. For the tests . plastic projectile (0.2 kg) and the
sheni pm;ectﬂe {8.665 kg)} were used. The resulis are shown in Table 10.1 and 10.2.

. The table shows tke pressure in the driver, the impact velocity of the projectile, the
engrgy, the pressure and the impulss of the liquid shock wave.

The tests have been performed with one set of projectile rings. A change of the
projoctile rings changes the behaviour of the projectile itself due to the machining
talerance of these rings. The results ghow that the repeat * Tity of the tests is very
high, With the new driver and ambient conditions in the driven section the desired
impact velomty of the projectils can be sccurately reached. The energy of the liquid
shock wave i8 not as repeatable as the impact velocity since nnpurlt.tes and micto
bubbles stx!l abnorb parts of the energy.

By vsing the naw dmphmgmlaas driver the shock tube does not have to be opened
before anch test. On the one hand this is a big advantege since the test tum -
around bimes are now much shorter. On the other hand due to the shock tube
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Driver Premsure Impact Velocity Sock Wave Shook Wave _ Shodk Wave
S L Energy = Presswre . - Impulse
jbar] /sy [ [MPq] [Vs]

3. L6 1729 376 11.34
3 . BLT 17906 305 1113 .
36 57.2 .. 2160 - 03 . 124
3.5 616 - 1818 43.05  13.87
45 69.7 312.8 £2.45 15,01
55 798 347.1 6232 15.84
5.5 799 449.3 66.0 17.5
6§ . 84.1 488.5 8.2 18.02
6 889 482.2 - 685 B & & 4
15 94.3 50104 . . 80.0 20.72

 Twble 10.1s Plastic projectile: Reeults for tests with disphragmless liquid shock fube.

Driver Presswe Imapack Velocity Shock Wave Shock Wave Shock Wave
Energy Pressure Tmpulse

[bar] | [ﬂ_i/sl S [J] o [MPal_ [Vs)
16 . 863  1758.4 C 450 91.83
15 - 8683 1983.4 47.3 473

Table 10.2: Steal projectile: Results for tests with diaphragmless liquid shock tube

éta.yi'ng closed the ﬁmjectiie ig niot checked for damags to the piston rings before
each test, A broken piston ring can block the movement cf the piston and therefore
spoil the test. This happens on average in one out of ten tests.
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i1 CONCLUSION

This thesis discusses the high speed mistal forming in 5 liquid shock tube. The high
speed metal forming can be carried out by operating the ehock t'ube in two different:
modes, the & mode and the projectile mode.
The fests performed with the liquid shock tube in the air mode show that this process
is not precisaly controllable. The process depends strongly on the bursting i::eaaure
of the diaphragms and their opening times, The liquid shock wave generated in
the air mode haa a very long duration and gets superimposed by the remaining
static pressure in the shock tube. This stetic pressure can be high becsuse of the
muchhghsrmmalp:essnrereqmredmthsmode This makey it very difficult to
determine if the whole deformation of the test specimen is caused by the initial liquid
shock wave or if a pact of the deformation is due to the static pressure. Also the
energy snd the impulse of the Xquid shock wave are difficult to determine. Another
aspect i8 the tofal amount of energy, which is needed in the air mode. The driving
section requires & rmuch higher pressure to gemerate a liquid shock wave which is
sufficiertly strong for metal forming,

The controllability of the shock tube in the projectile mode is much betéer as shown -
in section 6. Different projectile masses and waterials allow the exact amount of
energy required for the meta! forming to be produced. The pressnre history of the
Yiquid shock wave generated in the projectile mode is similar fo thet of a blast wave
and therefore the energy and the impulse of the liguid shock wave can be precisely
determined. The total amount of energy required in the driving sectmn is much
lower than for the air mode,

© T'he results of the energy trangformation caleulations show good accordance with the -
experimental results, It is ;ﬁomible to predict the impact velocity of the projectile
~ and with that, the kinetic energy available. By using the method of characteristics
the liquid shock wave is caleulated from the impact velocity of the projectile. This
ryrerical approach makes it possible to predict the maxhmum pressurs, the energy

" and the impulse of the liguid shock wave. The deformation BNETEY shaorbed by the
test ppecimen is ca.lculate_d by using the flow stress power law.
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The effect of different projectile masses, materials and geometeies are discussed in
section 7. Experimental results are pressated, which show how the contour of the
liquid shock wave can be tailored to exactly deliver the amount of energy required

- for the forming of the metal. Tt is shown that double and triple pressure pulses can
be generated by using stepped projectile impact surfaces which gives the possibility

© . to split the deformation process into multiple stage deformanom A finite element -

‘program has been employed to model the impact process of the projectile and the
generation and propagation of the liquid shock wave. ‘The results of this computation
show good guantitative agreement. The contour, the propagation and the reflection
at. the end wall of the liquid shock waves for different impacting projectiles could
succesgfully be modsled. The maximum pressure and the shock wave energies are
higher in the mumerical model due to the neglect of micro bubbles and lmwms im
the water. '

The deformations of the copper and mild stee! disks have been measured and the .
 true stresses and atrains have been determined. The stress strain behaviour of the
deformed disks, which is reported in Literature fo be balanced hiaxtsl, shews zood
agreement with the:thoory. Using the strains obtained from the messuremeuts it was
possible to calenlate the energy absorbed by the deformation of the copper disks.
This caleniation shows that nearly the total pressure energy of the liquid shock wave
in transformed into- deformation energy. ” _
A theoretical approach is given to predict the macimum midpoint deflection by as-
swning a conical shape of the deformed disk. This approach uses an energy method
for plastic material behaviour and since the shock wave energy is equal to the defor-
wiation energy the straln energy of the disk could be calculated by using the initial
shock wave energy imparted to the copper disk. Thinning of the disk during defor-
mation was aldo taken into comnderatmn and the results of the calculations show a
good agresment with experimental values.
Valuable information has been obtained with the optical mvestlgat.un of teat apeci-
mens during the ).mpa.cl; of the liqmd shock wave. Local velocities and the average
deformation velocity have been dstermined. It was also possible to observo the plas-
tic hmge, which has been predicted in the literature.
By using the results obtained from the strain meas rerents and from the optical
investigation it was possible to calculate the strain rates for the doformation pro-
cegsed, o _ '
Strain rates at different stages of the deformation process could be obtained by using
& mirror system whic allows the recording of the side and bottom view simultane.
ously, :
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An atbempi has been made to model the deformation process of fat disks by em-

ploying a finite element packsge. In the two-dimensional caleulation a liquid shock

wave generated by the impact of & projectile is used to deform the flat plate, The
resulis of this yumerical model show a good qualitative agreement in oompauson to
experimental regults.

The formmg of cylindrical mild ateel and copper tubes in mvashga.ted in. section
9. Tho unsymmetrical deformational behaviour of the tubes for free forming is
explained aud the stresses and sirsins ave determined, The regulis of the stra.m
calculations are used to obtain the deformation energy of the tubes.”
The optical mveatlgatmns performed with the high speed video camera reveal the
deformational behaviour of the tubes quite clearly. The de.qr:matmn velomtxes at
different locations of the tube could be obtained and the strain rates caleulated,
The reqults show that the efrain rates are much lower for the fnrmmg of tubes in
comparisort o the forming of fist disks. .
* Glood results have becn obtained with the forming of tubes into cylindrical, hexag-
onal and octagonal dies. The results show that it was possible to deform the tubes
‘zwly completely into the dies which shows that detailed Sguring is possible.

In section 10 the conversion of the tube into & disphragmless tube is described,
which is done by introducing a slotted section and & new diaphragmless driver to
- the exinling tube. _ -

The new diaphragmless driver has heen tested extensively by using the shock tube as
a normal gas shock tube and by comparing the performance of this new type of driver -
Lo already existing diaphragmiess drivers. The new driver works very effectively over
a broad range of driver presaures and shock wave sirength. Non-dimensional shock -
formation length of botween 20 and 40 could be achieved,

For the liquid shock wave work the conversion into a disphregmless shock tube
refults in much shorter test turn - around times and in increased repeatability.

This work shows that high speed metal forming in a liquid shock tube i8 possible. .
This new forming method has potential for development as a manufacturing process
dus to its safety and repeatability. It is especially useful for the expansion of tubes,
which is difficult to do by using conventional methods and for fine detailed metal |
forming. Tn addition the liquid shock tube also serves, dus i its good controllability,
as & very useful tool in research to further investigate the phenomenonul:'h.lghspeed

metal forming,

Since high speed meta] forming in & liquid shock tube is a Dew field ¢ study, this.
work cannot be regarded as being complete. To further explore this promising
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. techmqua several mtereatmg queshons which have niot been angwered yet should be

g -_'.a.ddr.essed

 The effect of double and triple shock waves generated by a stepped projactile im-
pact surface on the metal specimen should be investigated since & multiple stage
' deformation ¢ould increase the quality of the forming process. In addition differ-
ant projectlle geometrxes ghould be tested to generate various types of hquid shock
waves.

Firee forming tests with cylindrical tubes shiould be performed by using a shock tube
set-up where the liquid shock wave does not get reflected. This conld be achisved

. byeg replacing the solid end wall by a thin diaphragm which tears whenf.heshoc.k

waye avrives. This conld lead to uniform d&forma;tion of the tubes.

 The use of the finite element package AumDyn cuuld be extended e.g to model the
o defoma{;:on of cyhndncal tubes.

" The forming of metal specimen into dics has to be further investigated. Tnteresting

to investigate would be the heat development of the metel whilst moving with high .'
‘speed over the die wall. : :
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