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CHAPTER 1
INTRODUCTION

General

~

Although many advances have been méde in tunhglpexcavation 1in rock
in the bast_few decades, improvements have beén built around established
prac_ticeg of drilling, blasting, loading and haulage of brokén rock. Loading
and haulage, as-well as drilling \and blasting have been improved until little
feasible increase in efficiency or time saving appears possible. New and
faster methods oftunneling are necessary Vif planned high speed ground trans-
portation is to become a reality. |

One of the current disadvantages of; conventional explosifle excava-
tion systems is that they are cyclic in nature, involving individual opera-
tions which cannot be performe_d simultaneously. Some factors which caﬁse
delays include: (1) The method does ﬁot permit simultaneous and continuous
breakage, loading and haulage; (2) There is a delay to clear out gases from
explosives; (3) Turnaround -time is required in moving drilling equipment;
(4) There are delays in track haulage due to moving in empties; (5) Other
delays. |
Objective

Several approaches have been made to solve the basic and engineer-
ing problems of devising new rapid tunnel excavation systems. Tunnel bor-
ing machines havé been developed which will excavate tunnels of circular

cross-section atrapidrates in softrock suchas shale. Conventional drilling,

~



blasting and loading methods have been improved by ingenious mechanization.
Low velocity jets are in use for rapid mining of soft fnaterials such as bitumi-
nous coal. However, each of these methods appears to be reaching %m eco-
nomic or technical limit of improvement. )

New methods are being continuoust sought, which will not have some
of the disadvantages of the above systems, and Whicl.'l- will radiéally increase
the rates of tunnel excavation. Attention has turned to the use of hyperveloc-
ity impact as a means of cutting and breaking robk, as well as the use of
.lasvers . e»lectric current, explosive drilling, high frequency vibration, etc.
Many of these techniéﬁes are currently under investigation.

The information in this report was assembled and analyzed to give a
~ state of the art summar:y of hypeweloéity techniques which show promise fér
use in cutting and br{eaking rock. These include the use of water jets, me-
tallic iets and hyper\_felocity projectiles. .

History

Investigation of water jets ‘has been carried on extensively in the
USSR for wéll over a decade. Low velocity jets are used successfully to mine
coal, and high velocity capillary jets have been employed to cut and break
rocks under laboratory conditions. Veloéity ranges for breaking and cutting
are dependent upon rock properties, while pulsed 'jets appeaf to break some
rocks more easily than continuous jet.s .  Spectacular results have been re-

ported for breakage of some rocks. Several agencies in the USSR have re—

ported results. Compressors, pressure multipliers, gas explosion chambers




and water cannons have been used to generate jets.

Jet properties, including continuity, unit. pressure, total pressure,
and stability have been measured by various means. Results appear to agree
with theory, although the latter has be;en established only for low velocity
flow. Speedof traversing and frequency ofpulsed jets are items of basic in-
terest.

Investigations have also been carried out in Britain, but this work was
limited to somewhat softer rock and lower velocities. Interesting discover-
ies have been made concerning the continuity of jets, i.e., the core is more
continuous than previoﬁsly believed. ‘\ Lower limits of velocity for rock_ qut—
ting were found for the rock inves.tigated.

Shaped charge jets were discovered-in 1888 by Charles Munroe, and
have long been known as the Munroe effect in the Uniteq States and England.
Early sﬁaped charges were unlined and produced only indentations .

With the emphasis on armor in World War II there was a need to de-
velop anti-tank weapons. The."Ba,zooka," employing lined shaped charg-e
projectiles, proved very effective for armor penetration. A great deal of re-
search has been done with them, primarily for military applications. They
have found industrial application in tapping iron furnaces and perforafing oil
well casings. Attempts to use them for mining or excavating rock in the late
1940's failed, largely because of the cosf of their use.

Hypervelpcity projectile studies developed 'mainly because of the in-
terest in the impact of meteorites on metals androcks. One concernhas been

with the effect of particle impact on aluminum space vehicles. A secondarea



of interest is the effect of meteorite impact on rock on the moon. The phe-
nomena .of impact on rock and metal are similar in maﬂy respects, although
craters in rock are larger because of the brittleness and low tensile strength
of rock. Mostprojectiles are accelerated by means ofthe light gas gun which
was developed at the New Mexico School of Mines in the 1950's.

Report Organization

The use of hypervelocity agents for excavation purposes has been un-
der investigation for only a relatiyely short time, and research results are
somewhat fragmentary. Hence, in most cases the investigations are described
by the author under the appropriate subject. Summaries and analyses have
been made where possible.

If hypervelocity sjrstems can be successfully employed to perform si-
multaneous "drilling and 51asti’ng, " no other large scale drilling equipment
may be required. Drilling and turnaround time for drills could be eli;ninated.
For practical applications at a working face a cross-face conveyor is visu-
alized, which would feed a larger conveyorleading away from the face. Ide-
élly, sequences should be arranged so that the broken material will be loaded
on the cross conveyor by the excavating process. With proper design of a
loading-hauling system (conveyors) at the face, mucking and haulage would
proceed simultaneously. Such methods sh.ould be applicable to all types of
rock, strong and weak, wet or dry, and largely independent of the composi-
tion and structure of the rock. |

Other‘propoéed systems do not enjoy this advantage. Flame jet pierc-

ing is markedly dependent on the quartz content and composition of the rock.

-




Boring methods of tunneling are only applicable to soft rocks. . Laser and

chemical methods are sensitive to rock composition and structure and prob-—

" ably will only supplement primary excavation methods if they are technically

and economically'appl’i’cable .

The theory of shock waves and necessary equations of state are pre-

sented to lay a groundwork forunderstanding some of the physical processes

X

of hypervelocity phenomena. The theory of water jet stability has been de- |
veloped in the literature for only low order shocks and small pressure différ—
ences between reservoir and atmospheric pressure. The low pressure theory

indicates some of_ the basic stability phenomena, how?ver, and shock waves

undoubtedly play a dominant role in stability of ‘hyperve‘loci_ty water jets.

Useful measurements have been made on velocity and momentum dis-
tribution in water jets at moderate velocities. Compressors and water ‘c'an—.'
nons have been employed to produce higﬁ velocity jets.

The accepted two-dimensional theory of shaped‘ charge énd augmented
water iet formation is presented, together with the inertial theory of penetra-
tion. Hypervelocity projecfile generation and terminal ballistics héve been
described and their effects on rock analyzed. The theory of light gaé guns
and water cannons is giyen in appendices.

The compiled information furnishes a reasonably good basis fbr con-

clusions on the state of the art and recommendations for future considera-

tion in developing rapid excavation processes.



CHAPTER II

EQUATIONS OF STATE

Appropriate equations of state cover a wide range of pressures for-

gases, liquids and solids. For gases the ideal equation is used at low
pressures, ahd Van der Waals' at intermediate pressures.

For very high pressures (detonations). virial equations either in terms
of gas pressure or specific volume, the KiStia']_(owski'—Wilson—Brinkley, or
modified Abel equations, which attempt to account for covolume and other
effects, may'be used. .

The pressure virial equation of state was derived from the kinetic the-
ory of rgases considering the molecules as hard spheres (Ref. 1), and has

been modified for high temperatures:

pVg/RT =1+ x+ .625 x2 + .2869 x3 + .1928 x* C(2-1)
where
x = b/V ‘ b=z‘xibi
bi = molar covolume, ith specie
X. = mole fraction, ith specie

= molar volume of gas mixture

1
\Y
g
P = pressure
T = temperature
R

= gas constant

The bj are taken as being equal to four times the molecular volume

multiplied by Avogadro's number. However, the equation has been found




to be somewhat inaccurate for calculation of detonation properties.
The virial expansion in terms of pressure is of similar form:
pvg = RT + bp + cp? + dp3 (2-2)
where the constants a,b,c and d were found empirically by use of mea-
sured detonation velocities for TNT. The equation has not been.widely
used because TNT does not have thermodynamic properties re;dresentative
of all condensed explo_sives.f
Ficket and Cowan (Ref. 2) proposed a modification of the well-known
K-W-B equation to set. it in the form:
PV,/RT = 1 + xebX | (2-3)

where

X = Kinki/Vg(T + )% (2-4)
and where o, g and «k are adjustable constants determined from detonation
data and 61is a conetant temperature.

This equation has been used extensively and is thebasis of several
computer codes. However, no single set of constants has been found to
fit all C-H-N-O condensed explosives .

A modified Abel equation of state was used by Cook (Ref. 3):

p(v-a) = RT (2-5)
where o is an effective covolume and the other letters have their usual
mea?ling. The values of waare determined ffem measurements ofdetonation
velocities through the hydrodynamic conservation equations and a};propri—
ate thermodynamic equations. It appears to give reasenable approxima-

tions for most explosives.



For liquids, p-V-T data from Bridgman or other sources is often em-
ployed, or formulas taking viscosity into consideratidn. Solids may behave
in an elastic, viscoelastic, plastic or rheological manner, and at high pres-
sures as fluids. Under shock conditions pressure-density-velocity data serve
to define behavior, in conjunétion with the hydrodynamic_ (shock) equations
and Chapman-Hugoniot conditions.

Shock Waves

Because of the high velocities and pressures encounteréd in hyper—
velocity processeis, shock waves are generated in almost all ofthe media as-
sociated with an experiment. Inlightgas guns non-reactive shock waves are
generated in the piston, the gun, thedriving gas, and the projectile. Impact
on the target produces shocks in thé pfojectile and thetarget. Reactive shocks
occur in most cases When high explosives are employed. Shock waves also
occur in compressors, water cannons and othertypes of devices for producing
water jets. None of these shocks assumes a steady state condition, except
perhaps fér a éhort time in explbsives.

Analysis ofthe equations of flow musttake shock -cénditions( into ac-
count, with appropriéte equétions of state of the materials involved, includ-
ing gases, liquids and solids. Chapman-Hugoniot conditions provide one of
the bases of rﬁos.t aﬁalysis for both flow and energy partitioning.

Solutions of flow in light gas guns, compressors and wate;‘ cannons
usually require the iuse of (1) a continuity equation, (2) a momentum équation,
and (3) an equation of state. These are combined into characteristic equa-

tions which are solved by the method ofnets or similar numerical processeé .




In light gas guns the ideal equation of state is often employed. For water a
pressure-density relationship from Bridgman data has been used. -

This study é}nda number ofrelated investigationé indicate that a great
deal of research will yet be required in the unsteadgl flow of hypervelocity
processes before they will be susceptible to successful engineering applica-
tions.

Much of the initial explanation of shock wave phenomena was developed
individually by Chapman (Ref. 4), Jouget (Ref. 5), and Becker (Ref.6)in con-
junction with observed explosion phenomena of gases.

A shock wave may be either non-reactive or reactive. If a shock is

initiated in an inert material, such as air, th.e energy is soon dissipated by
dispersion, friction and otfler mechanisms. When sucha shockis accompanied
and .supported by a chemicali reaction, such as occurs in certain explosive
gases, liquids or solids, it is a reactive shock or a detonation, and will pro—
pagate indefinitely under stable conditions.

The physical-mathematical treatment is idel.qti»c':al for both types of
shock waves, except fof the energy equation, and is restricted largely to
plane waves in most analyses.

A plane shock wave represents unsteady flow ifit is non-reactive be-
cause ofits decay. A stabledetonation, on the otherhand, is unsteady with
respect to a fixed observer, but constitutes steady flow withrespect to an ob-

server traveling with the same speed as the detonation.
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Fig. 2-1. Shock wave nomenclature for non-reactive or reactive shock
wave .
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If a shock wave is moving to the right with a velocity D, (Fig. 2-1)
an observer moving with the wave would note that

(1) from the conservation of mass

upy = upep or = - (2-6)

where
u; = velocity of material moving into wave front
ups = velocit); of material moving out of wave front
vy = specific volume = 1/p;
vy = specific volume = 1/pjp

(2) the conservation of momentum yields
S+ py = >+ p, (2-7)

and finally

(3) the energy balance gives for a non-reactive shock
s 2 2
E; + "1—2 +p1vi = Bz + 2+ pavy (2-8)

From these equations there follows

U1=D=V1V“D,—1L:% (2-9)

1/2(p1+p2) (v1-v2) (2-10)

E; - Ey

-The last expression is often known as the Hugoniot equation.
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If the development-is for a detonation,then the heat of reaction Q of
the exploding materials must be added to the right side of equation (2-10).

Also, if it is noted that for assumed adiabatic conditions
T, .
E, - E =f c,dT = (—IV(TZ-Tl) (2-11)
or T,

Er, - Ey = CV(Tz—Tl) - Q

then equation (2-10) becomes

EV(Tz-T D = 1/2(p #py) (vi-vy) + Q (2-12)

For weak shocks in gases the ideal equation of state is usually em-
ployed for calculatioﬁs of shock parameters. For detonations.an equation of
state mustbe employed which will take into account the imperfections ofgases
at high fempératures and pressures.

The equation of state for shock conditions can take various forms.
Rinehart (Ref. 7) points out that most of the empirical data ulsed for estab-
lishing Hugoniot curves for various materials is obtained from velocity mea-
surements. In early research shock and particle velocities were measured
simultaneously and thé basic hydrodynamic conservation equations were em-
ployed to compute pressure, vélume and thermodYnamic relationshibs . Later
an impedance match method became more popular because only the shock ve-
lo;:ity must be measured. Measurement of density changes are made using
x-ray, and piezoelectric measurements can be made to 40 kilobars. Shocks
are generated with explosives, impactor p"lates and gun impactor devices.

Several techniques are used to measure shock velocities.
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It has been found for a large number of substances that shock velocity
and particle velocity are linearly related:

v '='a + bu ) . (2-13)
where v is the shock velocityand u the particle velocity, and a and b arecon-
stants for a given material.

Rinehart (Ref. 7) states it holds for ionic, molecular, and metallié
crystals and includesliquids, solids and alloys. (Sand has beenfound to be
ap'exception.) The slope changes with a phase change.

The basic shock equations may be written:

Conservation of mass «(v-u) p= pou (2-14)
Conservation of momentum  p-p, = pouv , | (2-15)
Conservation of energy pu = poV(E-Eo + u2/2) (2-16)

where p and p, are the densities behind and in front of the shock, and EO and
E are the energies of the material before and in the shock front. Combina-

tion of equations gives the well-known Rankine-Hugoniot relation:

(E - Eo) = 1/2(p + po) ( i—o‘- %) (2-17)

~ These equations may also be solved for shock and particle velocities:

- p ' 1%
v = [ ( E:-) (p - po)/(p - Oo).] (2-18)

u= [(p - po)/p] v . (2-19)

and
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For atmospheric pressures (pozo) the expressions forv and p are com-

bined to give: _
p = pou(a + bu) (2-20)

Equation (2-18) may also be written:

po/p = [at+(b-1)ul/(a+bu) (2-21)
Elimination of u gives
p = poa?n/(1-bn)? (2-22)
where
n = 1-po/p C(2-23)

Equation (2-21) may be utilized as an equation of state and holds only

for the linearrelationship of equation (2-13). Non-linear equations have been

employed by some investigators.

The impedance match method consists essentially of generating a
shock of known strength in é\ material of known Hugoniot properties, and al-
lowing the shock to reflectinto an unknown medium, and measuring thetrans-
mitted shock. This is repeated for shocks of several different strenéths to ob-

tain several points for a curve.




CHAPTER III

WATER JETS

JET STABILITY - THEORY

Stability of jets of water is a prime factor in their effect on rock tar-
gets, although probable causes of instability of hypervelocity jets are notall
clearly defined. Pai (Ref. 8) has assembled theoretical analyses of several
types of jets and their stability, including:  (1) ideal inviscid, noncompress-
ible subsonic flow, (2) inviscid compressible subsonic flow, (3) laminar, in—
compressible, viscous flow, (4) turbulent, incompressible flow, (5) turbulent,
compressible flow, and (6) supersonic, compressible, inviscid flow, includ-
ing shock waves andneglecting heat conduction. All of these have possible

elements of application .

For an ideal (incompressible) fluid Rayleigh (Ref. 9) assumeda slight

disturbance of an axisymmetrical liquid body, surfacetension being the sta-

bility force-

T = To + bn cos nb cos mz (3-1)
where r, is the radius defining invariantvolume, by, are variable coefficients
and 6 and z are cylindrical coordinates.

For constant volume

1 L
, n
o=t (l-g5 — (3-2)
I
c
where r. is the radius of the undisturbed cylinder, and n=1,2,3...,

15
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and,

(3-3)

forn=0.
The expression for potential energy due to capillarity is found to be
b 2

- o202 2 _ n -
PE—TS4(mrc+n l)rC (3-4)

where Ts is the surface tension.

If m = 0, PE has twice this value, and ifn=20

b 2
- T op2e 2 _ ° -
PE | T > (m T, 1) T | (3-5)

The solution of Laplace's equation for velocity potential gives the kinetic
energy in terms of Bessel functions, and the equation of motion for by=cos (wt-¢)
is
T imr J '(imr )
s ¢ n c

w? = (n? + m?r 2 - 1) (3-6)
pr3 J_(imr ) ¢
Cc n [

, , + , .
for stable vibrations. For by = e*ot , the expression is

TS ierJ ! (imrc)
02 = L2 (1 - m2r_2) (3-7)
pT 3 J_ (imr ) ¢
(od n C

or vibration is unstable. Addition of detergents (Ref. 10) was actually found

to increase the effectiveness of jets at 600 atm pressure.
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.For high velocity inviscid gases compressibility is not negligible, and
may affect high velocity water jets. K solution (Ref. 8) for the case where
the jet pressure is equal to tha't of the surrounding medium is ofinterest. r;[‘he
flow equation in ferms of velocity potential and Mach number (less than one)
is solvéd in terms of a Bessel function of zeroeth order. The increment of
velocity decreases exponentially wi£h distance. The gradient increases with
jet velocity and lines of conétant velocity are closertogether. When the jet
velocity equals the velocity of sound inthe medium, the total velocity change
takes placeat the nozzle. Thus, a subsonic compressible jet shortens asthe
resefvoir pres sure iricreages .

Pai indicates thatthe jet structure for laminar, viscous,incompressible

flow may be divided into (l‘) a mixing region, and (2) .a potential core, the lat-
ter being the continuous center of the jetnear the nozzle. The mixing fegion
begins on the boundary of the jet andﬂwidens downstream (Fig.3-1). Russian
scientists utilizé three similar zones (Ref. 11). Ifviscosity is important, dis-
continuous surfaces do not occur and transfer phehomena ofthe m‘ixing- region

becomes important. For special cases the coefficient of viscosity may be as-

- sumed to be constant, Prandtl's number equal to one and the relationship of

velocity to temperature may be determined.

-For given boundary conditions a solution is

i

u

o

& _x232¢
=T, f e Jo(Ar)Jl(Aro)dA (3-8)
o

where u; is theactual velocity and u)g is the exit velocity. Velocity distri-

butions (Fig. 3-2) are similar to those observed for high velocity water jets

(see below).
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Fig. 3-1. Schematic for an axially symmetric jet into a medium at rest, turbulent
. incompressible flow, (Pai).
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Fig. 3-2.

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

r/r0

Velocity distribution in jet with laminar viscous flow,
solution by means of small perturbations. (Pai).
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For turbulent compressible flow the effect of density cannot be ne-

glected, and correlations must be made between‘velocity, pressure and density.
Velocity and temperature fields must both be considered. In 1954 there were
nomeans of measuring fluctuations in supersonic turbulent flow (Ref. 8). Uh—
der certainconditions the éolutions forturbulent jet mixing are similar to lami-
nar jet mixing. Theory has beenfound tobe in agreement for observations in
the tufbulent mixing region.

Turbulent incompressible flows are characteriéed b& high Reynolds num-
bers. Motiéon is steady only interms of mean values of v'elocities" and pres-
sures, fluctuation being raﬁdom in nature. |

The problem of a small axisymrﬁetric jef in a rﬁedi;m atrest was solved
by Tollmien (Ref. 12) for the mixed low veiocity ri_"egion. The pressure in the
jet is aésumed constant and a differential equatio_ﬁ obtain.ed from the conser-
vation of momentum. A series solution may be utilized fc;r certain boun_déry

conditions. Theresultant normalized velocity distributionis shown in Fig. 3-3,

where
W = Mean velocity in x d:irection o
"V = Mean velocity_ 1n );.direction
E=y/xVE
y = Radial distance
x = Distance along axis 6f. jet
c =

Constant

The mixing length for this particular case was found to be
% = cx = 0.0158x = 0.729y_ (3-9)

where yr isthe value of y equal to the radius of the jet. However, the above

solutions are held to be valid only for Region III (Fig. 3-1). In Region I the




Fig. 3-3.

Z3.5 -1.5 0.5 1.5 2.5 3.5
£= X
x¥cZ

Distribution of mean velocity components for
turbulent incompressible flow, U being axial
flow and Vv being radial flow. (Pai).
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cohe—shaped central core lies in the center with the mixing region betweenk
the core and the surrounding medium. In Region II, the velocity profile changes
until similarity is established in Region III where mixing is complete. At ve-
locities of 340 m/sec cores were found to be persistent but not continuous
for distances up to 100 diameters (Ref. 10, see below).

It is pointed out (Ref. 8) that the work of Rayleigh and Tollmien de-
scribeci above furnishes the necessary and sufficient conditions for the exis-
tence of a disturbance of an inviscid incompressible fluid jet, self-excited,

neutral or damped. ‘The necéssary .condition for the occurrence of a self-

excited or neutral disturbance of finite wavelengthis the existence ofa point

of inflection in the velocity profile. For the case Qf a neutral disturbance,
the phase velocity must be ¢ =w(yg) , where yg is the pbint of inflection.

Supersonic (inviscid éompressible) flow -occurs when the medium/

reservoir pressure is lower” ;c.hzifn a critical valﬁe, énd,the éxpansion and com-
pression waves are 'accom.pa'n-ied by shock wa\;e_s. This type of flow is of
greatest interest in hfigh velocity jets. |

Sauer (Ref. 13) ndfes tﬁat When jet Velocifiéé becbmé large and there
is an increase inthe ratio of the stream velo-ci_ty to the velocity of sound, the
influence of the compre‘ssibility on the .stream lines becomes stronger. When
the jet velocity exceeds the veloqity of sound new ph'e‘ho.mena appear. Dis-
turbances no longer propagatethrough the whole field of flow, butonly in the
downstream region. There are continuous velocity and pressure changes,as
well as contiﬁuous changes of state characterized by "compression shocks".

A mathematical difference lies in the fact that while the potential equation for
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subsonic flow is elliptic (for incompressible media) that for supersonic flow

is hyperbolic.
Pai (Ref. 8) treatsthe case of a supersonic axisymmetric circular jet.

The flow equation takes the following form:

2 320 _2%0 1238
arZ  9r2 | T ar (3-10)

‘in which g2=M2-1 (M = Mz;éh number) and r is the radial distance from the axis
of the jet. Its solution is

P = AJO(ABr) sin Ax | (3-11)
where ], is a zeroeth order Bessel function of the first kind. The boundary

condition is that the pressure at the boundary of the jetr = rj is equal to that

of the surrounding medium. This. requires that g—i = Q0forallxatr= Ij.
Hence, the solution becomes
Jo(xBrj) =0 _ (3-12)
Its first root is z = 2.405 and hence
Ay = 2.405/{31‘j ' (3-13)
and the approximate wavelength of the jet is
L = f—Tlr- = 2.613 rjv’ﬁz—l (3-14)

A general solution of the problem is given by

o = Z_ AnJo(Ansrj) sin A _x (3-15)
n=1 v
where the values of An are determined by the nozzle condition. Painotes that

Lord Rayleigh (Ref. 9) showed that the greatest swelling of the jet occurs
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where the pressure at the axis is least:

Take
o = AJO(AIBr) sin );x (3-16)
hence,
a—CI)—A)\BJ"O\E\) in A 3
a7 = MBI (A1BT) sin Aix (3-17)
and
_(2)
J(') (Z) = T (3—18)

The radius of the jet varies from its mean value r by

X AgJ! (A 1BT.)
1 (3¢ 0
51‘]. = f ﬁ(ﬁ) - dx = - U J Ccos A]_X (3-19)

J

where IO' (2.405) = -0.5191.

. Hence, the variation in the pressure at the axis is approximately

' 2
= constant - -;—: USu = - UAX; cos Ajx (3-20)

A

av
where IO(O) =1 and P oy is the average density. gy is the variation in the

velocity component parallel to the axis. The ratio of 3.18 to 3.19 vields

6r.'

J = - 0.2158r,

[CI) 3 (3-21)

%

Thus, the parameters Grj and cSp/pav are of opposite sign and the greatest
swelling is accompanied by the lowest axial pressure.

For a large pressure difference between the jet and the medium an in-
creasing number of shock waves occur in the jet.l As fhe pressure difference

increases é shock pattern is setup inthe jet. That shown (Ref. 13, Fig. 3-4)




Fig. 3-4.

Supersonic parallel axisymmetric jet into medium at lower
pressure at Mach 1.305 showing generated and reflected
shock waves. (Sauer).
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is for a pressure ratio of 0.363. For the much smaller pressure ratios in the
range oflO_3 or 10_4 the shockpattern is very complex. No experimental ob-
servations have been found in the literature ,‘ but tl;e shocks undoubtedlyl' con-
tribute to jet unstability. |
Summary

For low velocities a small disturbance causes anoscillation of the jet
which may be held in balance by surfacetension. Atmoderately high veloci-
ties shock waves are generated in the portion of a jet downstream from the
nozzle. Turbulence also appears to affect stability on both the upstream and
downstream~sides of the nozzle. No complete theory has been developed for
large Mach numbers, but it appears that (1) turbulence, (2) air friction, and
(3) shockwaves inthe jet are critical factors in jet stability. Also, there was
no theory found for water jets where the jet approaches the speed of sound in
water.

JET STABILITY - EXPERIMENTATION

Considerable experimentation has been performed on the stability of
high speed water jets and mechanisms which cause instability, breakup, mix-
ing and dispersion. However, no meaningful correlations have been made
with the theories which have been presented above except in limited ranges.

The results of experimentation are described‘ under the principal in-
vestigator's name. Projects which have been performed are somewhat diver-
sified in research aims, approach and the empirical formulas and data devel-

oped.
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Vereshchagin, et al.

By means of a suitable device to measure conductivity of jéts from a
1 mm no'zzle, Vereshchagin,‘ etal., (Ref. 14) measured jet cohtinuity forpres-
sures varying from 9 to 1000 atm. The number of pulses in the closedcircuit -
ry (by the jet) was méasured and the probability wof its length being contin-
uous plottedv against jet length for various pressures (Fig. 3-5). The results
of tests in terms of pre“ssure and length are given in Fig. 3-6, and the maxi-
mum llength of jet versus pressﬁre shows a first peak at about 7 atm and a
second peak at 200 atm. The initial part of this curve agrees well with re-
sults obtained atlow pressures by other investigators. No theory is employed
to explain the observed phenomena.
, Khamyak

This theoretical paper (Ref. 15) discusses a previously written article
by Vivdenko and Chabalin, maintaining an opposing view that the breakuplof
jets' is not due to a new mechanism but to vibrations of the jet, and that dis-
turbances originating at the front end of the jetare notresponsible forthe dis-
integration. The work of Rayleighis used to show that disturbances of various
lengths may grow with different velocities. He showed that a disturbance
may grow as

e =e_ expqt (3-22)

0

‘where ¢ is an initial disturbance.
0

Kuklin and Shtukaturov
The methods employed by Kuklin, et al., (Ref. 16) involved measure-
ment of the electrical resistance of the jet, its velocity, density, dynamic

pressure and losses to determine in turn a quality coefficient of structure of
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pressures.

(Vereshchagin)
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Fig. 3-5. Curves of probability of continuity of the jet for various
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Fig. 3-6. Curve of the dependence of the length & of the continuous
part of a jet of water on the pressure. (Vereshchagin).
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the jet and nozzle.

The jet npzzle and a movable net of steel wire in the jet (Figs. 3-7
and 3-8) were ﬁsed. as electrodes. Ietg varied in diameter from 1 to 25 mm .
with pressureé of 0.5 to 30 atm. Resistance along the jet for fluids‘ with and
without surface tension indicate that the one with surface tension breaks up
more rapidiy:

' The ideal velocity--pfessure relationship of a jet for constant density
is
v = (2p/p)* (3-23)

However, this gi\_/es a "fictional" velbcity. The "partial expenditure” ._q 'and
pressure p were méasured at a .given point {Fig. 3-9).

They are related by

q = Avgp (3-24)

where A is the cross-sectional area. Other parameters are related by

v = 2ghA : (3-25)

(3-26)

p = —1 ' (3-27)

(3-28)

where py, Hy, v4, 94 and poare the pressure, dynamic pressure, velocity,

partial expenditure and density of the jet at the nozzle exit.
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R, million ohms
-
(2]
\ 8

1 1 L1
0- S50 100 150 200
JL/do

Fig. 3-7. The electrical resistance of a jet with a film of
surface tension. (Kuklin and Shtukaturov).

R, million ohms

Fig. 3-8. The electrical resistance of a jet without a film
- surface tensionf (Kuklin and Shtukaturov).



Fig. 3-9.

The scheme of the experiments on measuring the pressure
loss expenditure in a jet. (Kuklin and Shtukaturov).
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The coefficient of structure of a jet is given by
a = Cjoy + C2a2Re (3-29)
where Cl and C2 are constant coefficients, o; is the quality coefficient of
the nozzle, a2 is quality coefficient of the hydromonitor and Re is ReynolAds
'number of the water in the pipe in front of the monitor. The coefficient a is
also related to the length of primary section g g and the jet diameter ds in
the compressed section by
a=d /e | (3-30)
' These quantities are measured experimentally and a calculated. Theunknowns .
~in equation (3-29) are then determined as follows: The nozzle is placed in a
bipe equivalent to the monitor pipe. If the nozzle entrance is smooth, then
a; = Cyay (3-31)
if turbulence is negligible. Forturbulententrance a9 is takenequaltoone and
ap; = Cjog + C2Re (3-32)
For the nozzle in the monitor a third equation is obtained
ag = Cyog + CzazRe (3-33)
The case for 09 = 1 is for an aperature in athin membrane, and if experiments
are repeated for this condition, the equations in Table 3-1 are obtained.
The first four equations are solved, and the last two used for verifica-

tion to give C; =0.025, C9 = 1.2 x 1078

of a9 for a hydromonitor (GMDTS-2) indicates that its design makes the qual-

» a1 =0.4and 42 =9. This value

ity of the jetworse. The smaller the value of a, the greater the length of the
primary section of the jet.
The above method may be used to determine the quality of hydromon-

/

itors and nozzles and to predict jet structures.
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TABLE 3-1

Determining the coefficient of the structure of a jet

Condition of the
experiment

Coefficients

L

Equations

A nozzle in a
pipe with a
smooth contrac-
tion

A nozzle in an
ordinary pipe

A nozzle with
hydromonitor
GMDTs-2

An aperature in

a thin membrane,
placed in a smooth
contraction

The same, in an
ordinary pipe

The same, in an
hydromonitor
GMDTs-2

1500

1250

540

600

560

350

0010

0012

0028

0025

0027

0043

al

az

as

‘ay

as

ag

Ciag

Ciay + CzRe
Cl‘al + C2C!.2Re
Gy

C1 + CzRe

C; + CzazRe
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Semerchan, et al.

A liquid jet of supersonic velocity is described (Ref. 17) as aliquid
"rod" as itvleaves the nozzle, quickly becomes a rod surrounded by a mixture
ofair and droplets and ata certaindistance the continuous liquid disappears,
the jet becoming a cone of dropleté andair. The velocity decreases bothalong
the axis from the nozzle and away from the axis in the cross section, with a
cdrresponding distribution in momentum and energy.

The method ofinvestigating these distributions was to record the mo-
mentum by means of ‘a pendulum (sand behind écreen for target) which would
completely absorbthe momentum of the jet. Measurements were made of por-
tions of the jet passing through circular orifices of 30 to 100 mm diameter at
varying distances from the nozzle, 'screening out part of the jet.

Experime nts were carried oﬁt using the nozzle in Fig. 3-10 utilizing
water, glycerin, and 10%, 20% and 40% mixtures of glycerin with water;

The momentum of the jet is given by

my = ppv.2 ) _(3—34).'
and

vZ = 2 p/p (3-35)

where

m = mass flow rate
v = velocity of efflux
p = density of liquid
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Fig. 3-10.

Nozzle and Diaphragm. Systematic measurements were
carried out with D = 30, 40, 50, 70 and 100mm. Separ-
ate measurements close to the nozzle were made with

D = 10 and 20 mm. (Semerchan).
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From equations(3-34) and (3-35)

mv = 2 pp (3-36)
that 1s the momentum per unittime is directly proportional to the no.zzle pres-
sure.

Subsonic to supersonic velocities (340 to 540 m’sec) were utilized in
experiments and good reproducibility was obtained. For water the theoretical
curve (Fig. 3-11) for force v“ersus pressure is shown as a dashed line, and
the other force curves for F = mv for five 'screenihg orifices fordistances vary-
ing from 100 to 1000 mm. Force decreases .rapidly with travel distance
(Figs. 3-12 and 13) ‘and approaches a maximum with increase in orifice size
(Fig. 3-14). The distribution of momentum is shown in Fig. 3-15.

There is a less rapid decrease in force versus distance for mixtures
of glycerin and water and for glycerin. This is believed due to a decrease in
"conicity" of the jet ;\/vith increase in viscosity.

Leach and Walker

Leach and WalKef (Ref. 10) studied the stability of jets from a 1 mm
nozzle at pressures of 130 and 600 atm. Flash tube and spark photography
showed a dispersing jet. X-rayphotos, however, indicateda continuous cen-
tral core which contained most of the mass of the water.

The pressure distribution of the cross section of the jet was found to

be

2 3
P=py* 1/20u?[1-3 () + 2 (R ] (3-37)
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Fig. 3-11. Dependence of F - the force of reaction of the jet

on an obstacle - on the pressure p- ahead of the nozzle.
a: I) 2 = 100 mm, II) & = 300 mm, III) 2 = 400 mm, IV)
¢ =500mm, D=30mm. b: I) 2 = 100 mm, II) 2 = 300
mm, III) & = 500 mm, IV) £ = 600 mm, D = 40 mm. c: I)
£ = 100 mm, II) & = 300 mm, III) & = 500 mm, IV) ¢ =
700 mm, V) £ = 800 mm, D = 50 mm. d: I) & = 100 mm,
II) & = 500 mm, III) & = 700 mm, IV) & = 900 mm, D =
70 mm. e: I) £ = 100 mm, II) & = 500 mm, III) 2 = 700
mm, IV) 2 = 800 mm, V) 2 = 1000 mm, D = 100 mm.
(Semerchan).



Fig. 3-12.
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Dependence of F - the force of reaction of the jet on an obstacle - on the dis-
tance & between the obstacle and the nozzle for jets of different liquids, a) p =
1000kg/cm2, D = 30 mm; b) p = 1500 dg/mm D =30 mm. I) water; II) 10% solution
of glycerin in water; III) 20% solution of glycerin in water, I1V) 40% solution
of glycerin in water; V) glycerin. (Semerchan)
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Fig. 3-13. Dependence of F - the force of reaction of the jet
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Fig. 3-15. Distribution of momentum in a jet of water flowing
continuously from a circular opening of diameter d =
0.595 mm under a pressure p = 1500 atmos. (Semerchan).
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where

p = water density

p = pressure at target
p. = ambient pressure
r = radial distance
u-= mean jet velocity

R = distance from where p = P,

which was in substantial agreement with measured values and in qualitative
agreement with theories for low velocity jets.

Dunne and Cassen .

Dunne and Cassen (Refs. 18 and 19) utilized an injector with nozzles
0f 0.13 and 0.20 mm diameters to produce jets ofVarious liquids of velocities
up to 460 m/sec. By imposing a step function impulse on an existing jet, the
feffe.ct of a faster jet impinging on a slower one was found to produce discs
or nodules of fluidin the jet stream. The assumptions were made tﬁat surface
and viscous forces were negligible compared to inertial forces. The down-
stream impingement of a higher velocity jeton alower velocity stream repre-
sents one special type or source of instability.

Zelenin, et al. ’

In spite of dispersion and mixing, total impact pressure of jets was
found to be ﬁractically constant with increased distance by Zelenin. (Ref. 20)
for receivgr pressures up to 1000 atm (Table 3-2). Thus, while there is con-
siderable dispersion of jets over relatively short aistances, the length of

continuous jet depends upon the nozzle pressure, but the total pressure is

’
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not seriously decreased. However, for jets from a nozzle of 0.595 mm and a
pressure of 1500 atm, Semerchan, et al., (Ref. 17) found that the momentum
and unit pressure decreased rapidly with distance (Fig. 3-15) in general agree-

ment with theory, although no specific comparisons appear to have been made.

TABLE 3-2

Total Pressure of Jet

~ Receiver N ,
PresAsure, Atm L =3 cm S5cm - 12 ¢cm 25 cm 45 cm
300 : 4.0 7.0 3.5 3.4 3.5
500 - 9.0 7.0 7.0 7.5 10.0
~ 700 : 10.0 11.0 11.5 11.0 12.0
11,000 - 15.0 14.0 14.0 15.5 15.0

PULSED JETS . rJ;"HEORY AND EXPERIMENT,
Aside from the report of results of breakage of rock by pulsed jéts by -

. Zelenin (Ref. 20) and a very brief report on their use by Cooley (Ref. 31),

there is no detailed description of the mechanics of their production or their
underlying theory published in available literature. As indicéted above, they
.are reportec_l to require 1§ss power than steady jets and to be more effective

in breaking of certain types of friable rock. At‘very high velocities their ter-
~minal ballistic effects are probably similar to those 'Qf low density hypérve-

locity projectiles. ‘



45

NOZZLES

Nozzle design is a critical factor in minimizing turbulence in high ve-
vocity jets. Nozzletests for fire fighting with water at relatively low veloci;
ties indicate that the_ best design for large scale flow at low velocities is
somewhat similar to that for capillary jets (Ref. 21). An internal bhannel de-
signed for streamline flow would be mostdesirable. However, the difficulties
in machining curved interiors in small nozzles do not appear to justify improve-
ments in results. Most of the research on sméll nozzles has been performed

in England and the USSR.

Leach and Walker

' In theirtests on rock Leachand Walker (Ref. 10) investigated a series
of 1 mm nozzles whose internal openings (longitudinal) were in the form of
a contraction followed by a 3 mm length of 1 mm diameter section. The sim-
plest nozzle was found to be one with a small angle cone (6 to 20°) followed
by a straight section of 2 to 4 nozzle diameters in length. Pressures to 80%
of the initial pressure exist at distances up to 100 nozzle diameters.

Although the research of Leach and Walker (Ref. 10) was performed at
relatively low pressures, their results are the most complete described in
English. They rheésured pressures on target plates, observing fluctuations
at distance, probably dueto impact ofdrops, indicating a discontinuous core.
Water hammer pressures were not measured.

The best results from five different nozzles (Fig. 3-16) were (a) with
a 139 conical section followed by 2.5 diameters of straight section. Four- °

teen other shapes were tested (Fig. 3-17). Several gave good results, large
f
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contraction angles giving the poorest and sharp internal corners are better
than rounded. The effect of length of straight section (Fig. 3-18) indicates
that the best results are obtained with a straight section of about three mm
for a one mm opening.

A change in the driving pressure changes Reynolds, Weber and Mach
_numbers, the difference in jet pressure for two driving pressures being shown
in Fig. 3-19. Surface tension was changed Qith a detergent and viscosity
with sodium carboxymethyl cellulose, both of which improved performance,
indicating that surface tension has a minor effectin .jets of the velocity range
tested (340 m/sec, Fig. 3-20).

CEIY | Data for pressure distribution acrossthe jet at two distances from the
nozzle at two different driving pressures shows a variation which is similar -
to the theoretical values represented by the curve (Fig. 3-21).

Farmer

L In his early work, Farmer (Ref. 22) empléyed a nozzle with a 45%n-
trance angle (Fig. 3-22) and a cylindrical portion 1/16 inch diameter and a-
bout one inch long. Hu found ?:hat this induced’turbulence, and that for noz-
zles below 1/16 inch diameter the jet tended to break up qlose to the nozzle.

In later work Farmer (Ref. 23) m‘easured jet core continuity by means
ofan e}ectricél device and testedthe continuous jet length forthe seven noz-
zle profiles in Fig. 3-23, all withoutlet diameters of 1/16 inches (1.59 mm).
The best results were obtained with an entrance angle of 40°, and a smooth

nozzle profile (Table 3-3 and Fig. 3-23).
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Nozzle designs. (a) to (c) streamline nozzle designs, (d) unstreamlined

nozzle design, (e) to (g) experimentalwprofiles. (Farmer).
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TABLE 3-3

Nozzle Device Max. Jet Length (m)

.60
.55
.65
.60
.40
.25
.20

N\ HhoOo A0 O®
e NeNoNoNo o Nl
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Zelenin

Investigators in the USSR (Ref. 20) used smaller entrance angles in
their nozzles, i.el, from 9° to 130, with the cylindrical section at the exit
about two diameters in length (Fig. 3-24). Nozzles of the diameters shown

in Table 3-4 weretested for effecton slotting of rock. (See also Fig. 4-11).

- TABLE 3-4
Orifice diameter Cone angle Orifice Area
mm degrees mm?
0.48 13 . g 0.180
0.73 13 0.416
0.95 12 Ol706
0.98 . 12 ' 0.832
1.08 9 0.915
1.19 -9 1.107

Voytsekhovskiy, et al.

One Russian group of researchers (Ref. 24) comments (without sub-
stantiating theory) that nozzles can be designed in accordance with the re-
lation '

(3-38)

jol
i
Aqu‘

where

pressure

-~ g
1§ it

a design constant

[l
[}

diameter
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Vereshchagin, et al., (Ref. 25)

To approximate the effects of friction in smallnozzles water was col-
lected and its temperature measured after flow through four sizes of nozzles
at varying pressures to 2000 atm. Nozzlc effects are small below 700 atm
(Figs. 3-25 and 3-26). It was concludedthatnozzle friction may be neglected
for diameters larger than 1.25 mm or bélow 700 atm precssure. [Iriction loss
is dependent upon diameter and pressure.

Schweitzer )

In a study of sprays Sch.weitzer- (Ref. 26) states that laminar flow
" through nozzles is not likely to occur in nonviscous fluids, and conscquently
the- Rayleigh theory is not applicable. He also concluded that, in hi-g'}; pres-
sure sprays (up to 4000 psi) into atmospheres to 200 psi, viscosity is rccog-
nized as having a decisive influence on jet disintegration. For the sprays

tested the surface tension had a minor effect.

Summary - Nozzles

A variety of nozzles has been tested by British and Soviet investiga-.
tors. The latest tests by both groups indicate that for capillary jets the cn-
trance angle should be ab01.1t 13° followed by a cylindrical section about two
diameters in length. Some tests were conducted usir;g streamline profilcs,
but these are too difficult to machine in such small nozzles. American de-
sigﬁs of nozzles have not been published. |

"COMPRESSORS

Konyashin gives detailed descriptions of two types of hydrocompres-

sors which have been used in Russia for research in cutting rocks, the first

/
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Fig. 3-25.

500 1000 1500 2000

Temberature of water vs. reservoir pressure for nozzle
sizes: 1) d = 0.47 mm; 2) 0.8 mm; 3) 1.0 mm; 4) 1.25 mm.
(Vereshchagin).
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40 3
2

0 0.5
' d,mm

Fig. 3-26. Temperature of water versus nozzle diameter for seven
pressures: 1) p = 1 atmos; 2) 500 atmos; 3) 700 atmos;
4) 1000 atmos; 5) 1300 atmos; 6) 1500 atmos; 7) 1700 atmos

(Vereshchagin).
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being type K-17, a single cylinder, 1000 atm,. 1000 liter/hr mach-ine. The
type GK 2/2 is a one-step, three cylinder machine of twice the capacity and
pressure (see Table 3-5). A pressure multiplier was also employed in some
experiments (Ref. 27).

The K-33 hydraulic compressorwas used by Vereshchagin (Ref. 14) and
is describedas a one cylinder piston machine of 980 strokes per minute, dia-
meter 33 mm and length of stroke 20 mm. The whole is powered by a 240 kw
motof.

Leéch and Walker (Ref. 10) u;ed a 90 hp.motor to drive a pump of -
45 !L/min capacity ata pressure of 600 atm. Forpressures to5000atm a- ﬁres—
sure multiplier was used.

WATER JET PRODUCTION

In addition to the compressors described above, which operate in con-
junction with a reservoir or receiver, several types of mechanisms are em-
ployed to create high velocity water jets. These include pressure multipliers,
"ballistic stand" water cannons, hydraulicrams and otherdevices. Mostlarge
scale tests have been conducted in the USSR.

Ostrovskii

Osfrovskii (Ref. 28) summarized much of the Russian researchthat had
beendone to 1960. _ The first Rﬁssian experiments in breaking rock with liquid
jets (2 mm diameter) indicated that pressures as high as 4000 kg/cm2 with
energy requirements of 1500 horsepower for continuous jets were needed.

This figure was considerably reduced for intermittent jets.



TABLE 3-5

Specifications of the Hydrocompressor KG-2/2
Number of cylinders .
Bore diameter in mm
Stroke in mm ’
Crankshaft, rpm
Capacity of hydrocoﬁpressor in ¢/hr
Pressure maximum in atm -

. Electromotor, asynchronous, type AM6-138-8:
Power in kilowatt

Pressure at the inlet pipe branch, guaranteed
by auxiliary pump. in atm

Pumping liquid - filtered water with the t° = 20°
Weight, in kg: :

Hydrocompreséor

Elecfric motor

Whole aggregaté'

Specifications of Hydrocompressor K-17

Number of cylinders
Bore diameter in mm
Stroke in mm
Crankshaft, rpm
Capacity of hydrocompressor iﬁ &/hr
Pressure, maximum in atm
Electromotor power, kilowatt

Electromotor, rpm

22

60

735

2000

2000

245

3-10

1500

2100

4500

22

70

975

1000

1000

95

975

61



The latter type of flow was also generated by means of a "ballistic"
stand. Combustion of burning powder‘orliquids developed pressures (Fig.3-27)
from 3000 to 8000 kg/cm2 which in turn created a 2 mm diameter jet (100 ml)
which cut a hole through several millimeters of metal. Typical pressure time
records indicate chamber pressure of 6350 kg/cmz and impact pressure of
3420 kg/cm2 (Fig. 3-28). Theliquid fuel, oxidizing agent and water are pres-
sure fed into the chaﬁber by pistons measuring predetermined amounts of each.
Frequency stated to be in tens of cycles per minute.

A mechanical pressure multiplierhas also been 'e.mployed. .Itconsists
p;imar‘i_ly of a hydraulic pump with a»pneumatic driv-e (Fig. 3-29) using a standard
pressure multiplier design.. It creates a jet at 5000 kg/cmz, two cycles per
minute, or 1060 kg/cm2 at 75 cycles per minute. Afrangements are suggested
for using both types of devices in the bottoms of deep drill hqles .

Vereshchagin, et al.

Jet experiments were carried out assuming that the water pressure from
a compressor was éonstant (Ref. 29). Actual pulsations of the compressor
stroke and the damping evffect of the reservoir and compressibility of the water
were desired.

Notations are:

P = pressure

t = time

dn = diameter of nozzle

v = velocity through nozzle

dp = diameter of piston

£ = length of stroke of piston

w = speed of motion of piston

T = time of single stroke

vV = vélume of reservoir

o = coefficient of compressibility of water

o~

p = «ensity of water



Fig.

3-27.

P

Combustion chamber of the jet device. 1) Eﬁtrance for

"oxidizing agent; 2) combustion ‘chamber; 3) entrance for

fuel; 4) supply of water; 5) pressure transmitter; 6)

‘nozzle. (Ostrovskii).
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nl
1

= 100
cps

ANAANANAPARN

Oscillograms of pressure.
of the ballistic stand (Pm

Fig. 3-28. 1) In the combustion chamber
ax = 6350 kg/cmz); 2) in the
high pressure liquid jet where it encountered the bar
(P oy = 3420 kg/cm?). (Ostrovskii).



Fig.

- 3~29,

Stand with mechanical pressure multiplier.. 1) High-
pressure piston; 2) nozzle; 3) check valve; 4) low-
pressure piston; 5) main valve; 6) escape valve; 7)

cam shaft; 8) hydraulic shock absorber; 9) globe valve;
10) lubrlcator 11) receiver; 12) compressor; 13) block
of rock. (Ostrovskii).
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The following equation may be written for the half-period of compres- k

sion:

md 2 nd 2
7 wdt =

vdt + aVdp (3-39)

For the suction period the left side of the equation is zero.
The following simplifying approximations are made: The nozzle veloci-
ty is assumed to be constant across the cross-sectional area, and equal to

14 /1:7 The speed of the piston is assumed constant and w = 2 ¢ /r. Finally, .

a=% (%E) 7 is taken as 0.035 x 10-3. For 1000 rpm equation (3-39) takes

the tollowing form:

Vdp : '
100 d_2dt + : =0 0<t<x
n /o - 0.16 d_2/d 2 =" =3 (3-40)
P n
Vdp _ 1 1 _
100 Trdn dt + 0 75 < t < 16 (3-41)
and the solutions are: ‘
2 D2 D2
50md’t + V/p = 0.16 — Vin| /p - 0.16 — | = ¢, (3-42)
d? d? ' '
50md 2t + VWp = ¢, | | (3-43)

. Results of calculation.s for various param'eters are given in .T'albles
3-6 and 3~7. Tor a given reservoir pulsations increase with both dp and out-

. but. Percentage variations of pressuré decreased with the magnitude of the
total pressure. Onthe chér hand ﬁulsations decrease markedly with increase

of reservoir volume. Experimental results are given inFigs. 3-30 and 3-31

}



TABLE 3-6
. Pnin A
Prax Pnin P A -IL—,
: Pnax av p Pay
D= 22 mm .
1690 1310 0.775 1550 + 190 + 12.7
2475 2095 0.848 2285 + 190 + 8.1
D= 27 mm
1925 " 1355 0.705 1640 + 285 + 17.4
‘ D =30 mm :
2160 1460 0.675 1810 + 350 + 19.3
D.= 33 mm '
1925 1075 0.558 1500 + 425 + 28.3
3095 2245 0.726 2670 t 425 + 15.9
D = 38 mm
2570 ‘1430 0.554 2000 * 570 + 28.5
3570 2430 0.681 3000 + 570 + 19.0-
TABLE 3-7
Cag o - 2000 2
dp = 38 mm pmax 2000 kg/cm
: P A
v Pnin min . A éR_., 9
Pnax P Pay
1 870 0.43 1430 + 570 + 0.28
2 1430 0.71 1710 + 290 + 0.14
4 1720 0.86 1860 + 140 + 0.07
6 1810 0.90 1900 + 100 + 0.05
10 1890 0.94 1940 + 60 + 0.03
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Fig. 3-30. Dependence of Pmin on the pressure for various reservoir

Pnax
volumes. 1) 1 1: 2) 3.3 1; 3) 41; 4) 5.85 1.
(Bowles Eng. Corp.). ’
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Fig. 3-31. Dependence of Lp % on the pressure for various reser-
av
voir volumes. 1) 1 1; 2) 3.3 1; 3) 4 1; 4) 5.85 1.
(Bowles Eng. Corp.).
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and a comparison with theoretical calculations shows a fair agreement for
pressure and volume relafionships (Fiés. 3-32and 3-33). Some of the differ-
ence is probably due to the symplifying assumptions made in the solution of
the equation.

Semerchan and Plotnikov

,Thes'e investigators (Ref. 30) describe an apparatus which has a free
liquid (oil) jet blow-out at a \;'eiocity of 2000 m/sec and higher. It consists
essentially o;f a pressure multiplile_r with two coaxial cylinders with a multipli-

"cation coéffic_ient of 25, a useful volume of the high pressure chamber of
- 1.57 cm3 and a burst diaphragm for oil release in the low pressure cylinder. |

After ;cﬁe diaphragm bursts, the piston moves irregularly for 0. bl sec,
compressing the oil to a given pres‘sufe and density, 5'p.ercer.1tof the oilleak-
ing through the hozzle. A period (0.05 to 0.14 sec) of uniform piston move-
ment and fluid flow follows. The true values lie between those calculated
" from Bernoulli's eduation and a flow calculated on the basis of constant pre-
. flow density, i.e., p =c exp Bp,, where p is pressure, B and ¢ are constants
determined from Bridgman's high pressure data and p, is the preflow oil densi-
ty. The microcanal of the noz_zle has a length to diameter ratio of one.
Cooley

Perhaps the most complete descriptioﬁ of jet producing mechanisms
has been published by Cooley (Ref. 31). Several methods of producing jets
of water, semi-solids such as wax, and metallic particies have been studied

for various purposes.
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Fig. 3-33. Dependence of Ap % on the working pressure. 1) theo-
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retical; 2) experimental. V = 5.85 liters.
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Water jets are produced by means of compressors, water cannons, and
hydraulicram jets. Jets of waxare produced by impactinga semi-~hollow, con-
fined cylinder by a piston, causing the cylinder to collapse and form a jet
from the "lining" of the cavity, by means of cufnulation. Cooley, et al.,
classify the methods of producirng liquids jets as:

(a) Piston impact extrusion - water cannon

(b) Cumulation - jets from cavities (see Chapter VI)

(c) Water hammer (hydraulic ram)

One form of water cannon has a large piston in a heavy cylinder, with
or without a small diameter plunger on the ddwnstream side of the piston,
(Fig. 3-34) . The piston is accelerated by an explosive charge or pheumatic ‘
force, and when it impactsﬁ the water a shock wave is produced both in the
piston andthe water, the latter beingreflected back and forth inthe water un-
til -extrusion is complete, and the piston has stopped or rebounded.

The extrusion procéss can bé analyzed by means of four different
models, (1) full crush, (2) half crush, (3) piston impact with no air and
(4) piston impact with air. |

In the full crush case shock waves, negligible water.esca-pe is aé—
sumed, and after impact a shock is initiatéd and multiply reflected. At peak

pressure the piston stops, and the pressure is assumed to be the same as in

steel impact on a rigid target:

pR = psV Dsz p_.vV.C ‘ (3-44)
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where
Pg = density of steel
v, = impact velocity
DS = shock velocity in steel‘
c. = speed of sound in steel

Steady flow from the nozzle is found in terms of enthalpy:

: uo2 : :
where z " ho - hr (3-4%)
| hb = enthailpy at 1 atm pressure -
hr = enthalpy at reservoir pressure

The equation of state for water is of the form

. ; o
+ 3000 _fo \. )
3000 o, (3-46)

whichv gives

u 2 p.. + 3000 6/7
T

0 1 ,
<3 |\"woo ) ! | (3-47)

where

Co = velocity of sound in H,O at one atm.

For the half crush case the pressure is assumed to bethat of steel on

steel

v

= _OD~ \_IP_C
pr ps 2 s"ps 2

. (5-48)
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The reservoir has a residual velocity of VO/Z after piston impact and

the velocity of the jet is given by

Vj =u  + % | (3-49)
where u is defined in equation (3-47). For piston velocities up to 300 ft/sec.'
jet velocities f_or full crush cor;d_itions are greater than half crush, but less
thanthe velocity of cumulation jets for the same piston velocity (Fig. 3-35).
Therelationships between pressures and veloci_ties also appearto favor cumu-
lation. (Figs. 3-36 and 3-37).

For analysis of the more practical case of piston water impactwith no

air in the cylinder the hydrodynamic theory for the full and half crush-cases

~ is extended. Here the relative volume of water and areas of the nozzle are

Lant Muaiy

larger, and the piston may have some residual velocity. (See Appendix C).

The Exotech water cannon (Ref. 31) consists of a heavy cylinder 84

inches long with a piston of 200,000 psi yield maraging steel (Fig. 3-34).

It }s powered by water at pressure of 200 to 2000 psi. The water cocks a

2SN

pneumatic gun and'compresses enclosed gas. At the desired pressuré the

. nozzle and vent valves are opened, the moving piston entraps a small quan-:

tity of water ahead of the plunger and extrudes it through the nozzle. Losses
occur due to thfottling of inlet water and escape of water when the pisto'n is
accelerated. Efficiencies are notreported, although they are said to be rela-
tively high if the residual velocity of the piston apbroaches Zero.

An approximéte work analysis is made neglecting the loss dueto water
throttling. However, it was assumed that most compression processes are
linear and that average pressures and velocities canbe employed as first ap-

proximations.’ This ignores the necessity of assuming an equation of state

-
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Fig. 3-35. Jet velocities attainable, (Cooley).
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for both gas and water, and does not take heat losses into account. An aver-
age velocity is -assumed forthe jet, whichis a possible source oflafge error.. '
Inasmuch as kinetic energy varies as the velocity squared, an average veloc-
ty concept appears subject to considerable érror. Average pressures like-
wise haye little significance unless the compression process isylinear in the
necessary parémeters. ‘Efficiencies in the processes indidatéd never ap-
proach high percentages. Hence, the final estimate that 200 horsepower
stored in compression>could ‘yield 100,000 horsepowerin a jet is also subject
to. some question. |

The Exotech Hydro-Ram (Ref. 31) cénsists éf a thick‘ rigid cylinder
with a nozzle at one end which has a spring-loaded valve that oscillates
during operation. It opens large porté, closes them, opening a small port’
through which water passes under the water hammer pressure. 'A model built
by Exotech with an inlet pressure of 70 psi delivered 5 to 10’pulses per sec-
ond at 600 psi through a 1/16 nozzle. It is claimed that fhe supply pressure
may be scaledup to 30,000 psi and the jet pressure 145,000 psifor the Hydro-
Ram, in which five times more wa_ater is pumped than expelled.

The repetition rate theoretically depends on the timeto establish flow
at 1255 ft/éec in a pipe' 0.07 inches in diameter and 10 feet long. A 6 gpm
pump would .be required at 30,000 psi and 125 hp.

A water hammer extr_usionvis also described which involves fil;ing a
siug of water at high velocity agains;c a constric';ion with a nozzle escape.
According to calculations a slug water preséure of 53,000 atm with a slug

velocity of 4,@00 fps would result in a jet velocity of 9300 ft/sec.
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Cooley, et al. (Ref. 31) conducted (piston-impact) experiments with
a. 20 mm gun to fire pistons of 4.41 and 9.42 inch lengths on an enclosed
volume of water (Fig.3-38) atvelocities to490 ft/sec. Measured peak water
chamber pressures were as high as 50,000 to 100,000 psi and durations of
0.56 to 0.7 ms. Wood, rock and concrete targets were used and small cra-

ters were made in brittle materials with tensile fractures and spallation around

the craters.

An approximate method of calculating expulsion efficiency is also pre-
sented (Ref. 31). Given area ratios, jet'pressu;'e, pulse and-piston velocity,
the period of the pulse above the critical (crushing) pressure is ca‘lculated.
The pulse is then approximated by a parabola and the energy of the piston
and the jet calculated. For assumed experiment'alAconditions it was found
that the propulsion efficiency varied between approximately 47—5§ percent.

Jet pressure and power are calculated as follows (Re.ii‘. 31)v. For high
pressures the relationship between reservoir pressure p, and jet ve,;ocity is

to a very close approximation:

Py = — =4 (3-50)

where q is the dynamic flow pressure. It is approximately equal to the stag-

‘nation pressure except for rapild rates of penetration.

The rate of mass flow is the velocity times the effective cross sec-

tional area of the nozzle or

m = pm =V ' (3'51)
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The rate of kinetic energy or power becomes

. .
_ mv?2 _ o1r_d2V3 B w2 (_g_)z 2o 3/2

C Ny =g T 8g 4 p o

(3-52)

Thus, for a 2 mm jet at 70,000 psi requirements are in excess of 2000 hp for
continuous operation.

FLUID JET AUGMENTATION

The Bowles Corporation (Ref_. 32) has conducted research on external
“augmentation of jets of water by shaping and fixing the relative directions of
two water "slugs" of square cross-sections and plane fronts. (Fig. 3-29).

Application of Bernoulli's theorem gives:

vJ. =V, vV ‘ {3-53)
and
Vo
Va © Sin o (3-53a)
\Y%
v = — (3-53b)
by tan o

Substituting in equation (3-53) the following is obtained:

v,
3 _1+ cosa

v, sina (3-54)
where . |
Vo = velocity of slug
Ve = velocity éf slug re1>a'tive to moving iﬁtersection
Vq = velocity of intersection
velécity of fast jet

<
It
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Fig. 3-39.
g 3? Control volume - early stage of impact. (Bowles Eng. Corp.)



83

The ratio of the two velocities is called the velocity augmentation and is
plottedas a function of the angle o in Fig. 3-40. The resulting jet is wedge-
shaped and for complete jet formation the slug velocity must be inward almost

linearly with the impact angle. (Fig.3-41). The mass of the jet isgiven by

mj = pgbz tan o (1 - cos a) (3-55)
where
my = fast,jet velocity
p = density
h = depth of the jet wedge
b = width of the jet wedge

The length of the slug needed is thatrequired to permit formation of the wedge.
A flator only a slightly curved face of the slug is necessary. for fast jet for-

mation.

By simple calculations it can be shown that the ratio of the kinetic

energies of the fast jet and the minimum required slug is :given by:

. KE

KE: 1+ Zos o (3-56)
where
KEf = kinetic energy of jet
KES = kinetic energy' of slugs

The maximum value of this ratio is theoretically 0.5 at 0° impact and.
it decreases to 0.25 at 90° impact (Fig. 3-42). No fast jet is formed at 0°

and 900, however, so the graph is of interest between 5° and 60°. Thus,
.

the maximim energy to be obtained from such a jet is only 50% under optimum

-

=
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conditions and it would be considerably smaller unless the slug producing
mechanism could furnish slugs of just the right length. A special nozzle is
required to'produce slugs with flat faces. Driving pressures of 750 psi are
reported giving augmentation ratios as high as 13.5. A tendegree nozzle was
found to produce a velocity augmentation of 11.6 and the jet penetrated 3/4
i,nches of paraffin. Driving pressures or energy requirements were not re-
ported. | E /

HIGH PRESSURE FREEZING OF WATER

Although some investigators have propos'ed that water will freeze when
shocked at high pressures, a study of p-V data and shock Hugoniote indicate
tnat freezing will not take ;')lace under some conditions (Ref.> 31).

Resiults of Bridgman's high >pressure p-V-T measurements on water
(Ref. 33) were plotted in 'the p-V and p-Tplanes with the Hugoniots from Walsh
and Rice (Ref. 34).

The Hugoniot approaches the phase boundary o.f ice VII at about 30
kbars but does not intersect. Hence, it is concluded. that ice will no-t form.
In the p—T plane two isentropes are drawn from about 20°C>and 3860. These
intersect the ice VI nhase line at 16 and 27 kilobars. The actual path of non-
shock compression is betwee-n the isentrope and the Hugoniot. Freezing.may
occur, therefore, at 16 kilobars or above. Preheating the water or addition

of antifreeze would raise the freezing pressure. The heat of compression

would also be of some assistance in reducing freezing.

o
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Snay and Rosenbaum

- Snay and Rosenbaum (Ref. ;’35) have made an analysis of shock wave
parameters in fresh water up to 95 kilobars in connection studies of.detona-
tion of high explosives under water,

It is noted that for the Rankine-Hugoniot rélations 'tp be evaluated t};e
equation of state must be known. Equations of state proposed by several in-
vestigators for different ranges of pressure are discussed. Some considered
the possibility of the formation éf ice at high pressures.  The following has

been abstracted in detail from Snay and Rosénbaum.

Calculation of Shock Front Parameters

The hydrodynamic conservation equations are written in the following

y

form:

5 2
D = v, [(P-Po)‘/' (_vo—v)] | | (3-57)
u = D(vo-v)/vo . A (3-58)
H-H O = 1/2(p-p) (Vg#v) (3-59)
where

D = wave velocity

v = specific volume

p = pressure

H = enthalpy
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and the subscript o refers to the undisturbed liquid. The enthalpy is a func-
tion of the final state only. For final temperatures above and below 100°C
enthalpy differences c;m be found in steam tables. The remaining enthalpy
is caiculated from

_ P

H(p,T) - H(py,T) = f v-T (57 dp (3-60)

o1 P :
where p; is the pressure corresponding to a final température above 10000.
The above integral can be evaluated if the equation of state is known and if -
no phase change takes place. However,. if a phase chanée takes place and
ice VII is formed, i.e., the pressure and temperature p3 and T, are on the

phase line, then all the water is converted. to ice. For partial formation of

ice
, P .
' = vl X - -
H(p,T) - H(p,,D = / v-T| 57 dp - qaH, (3-61)
: P1 p
where

q = fraction solidified

AHf = specific enthalpy of fusion of ice VII at (p3,T)

and the subscript 3 refers fo the liquid-ice VII phase line.

'.fhe solution of equationd43-57) to (3-61) for no phase change requires a
knowledge of thermal data for saturation atl atm and the equation ofstate of
the liquid up to ;the final temﬁerature and pressure. qu two phases ,-' liquid
water and ice VII, the solution of equations (3-57,3-58,3-59,3-60) requires

the use of the phaseline, the enthalpy of fusion, the specific volume change
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(AVf) accompanying the transition which is necessary in evaluating v:

vV = (l—q)v)\ + Vv (3-62)

X

Vo = v, - Av (3-63)

where ) refers to the liquid' state and g the soiid state (ice VII).

For a éingle liquid phase equations (3-59 and 3-60) are solved for P by
iteration. For two phases both T and pmust lay on the phase line, and equa-
tions (3-59 and 3-61) canbe solved directly for g. The specific volume v is ob-
tained from the equation of state and D and u fron.1 equations (3-57 and 3-5 8);

| The compressibility or sound velocity behind the front can then bé eval-

uated from the Rankine-Hugoniot conditions. For a liquid only , |

. o A -
_, 2 2 l
) N
_vl- (22 - v T\F
c v (av) =V 3T/ v _ %R |  (3-64)
$ c, V]t

. where the subscripts have their usual meaning.
The values of v, T, (3p/sT)y, and (3p/sv)pare obtained from the equa-

tion of state, while Cy is obtained from

) ‘ v v
N O
P v

cpz(%) o (3-66) .
P o

Thus, the values for (H—HO) are evaluated at the final pressure and

where

different temperatures, and Cp is the slope of (H-Hy) against T.
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For two phases the derivation of sound velocity is more complex and

is not given here.

Extrapolation of p—V—T Data

The p;V—T data of Bridgman (Refs. 33,36,37, 38, 39) cover the range of
0-959C up t0 5000 kg/cm? and 25-175°C from 5000 to 50,000 kg/cm”. Values
for the liquid state above 200°C and to 2500 bars is given by Kennedy (Ref. 40)
and that at the saturation line by Keenan and Keyes (Ref. 41).

The liquid-ice VII phase line may be extrapolated and equations for
relationships betweenAvf and T4 interms. of p3 (Fig. 3-43). This does notac- "
count forthe possibility of a new type of ice at higher pressures. The' equa-
tions of state in p-V are projected from experimental data. The procedure to
determine the curves is as follows:

Thre value of (aV'/Bt)p at 5000 kg/cm2 is taken as being constant,
4.0 x 104 cc/g%c. This comes from Bridgman's data and is used to fix the
lower ends of the 175°C and other isotherms. The extrapolations from Fig ;453—43
are used to obtain the points on the liquid phase line up through the pressure
range te 50,006 -kg/cmz, the_phase lAine for ice VII being determined from ex=-
perirnental data. Tne thermal expansion of ice is ~ 1.07 x 10_4 cc/goc at
45,000 kg/crn2 and the phase line temp.erature as shown. The specific volume
of fusion is taken from Fig. 3-43 and this procedure establishes the phase line
to 50,000 kg/cm2 with reasonable accuracy.

Experimental values of specifie thermal expansion (Pig .3~44) are extra-
polated assuming thatat higher pressures it will decrease but remain positive.

The change (32Vv/3T? )p becomes smaller, is assumed to be constant at15,000
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kg/cm2 and to become negligible above 40,000 kg/cmz., These assumptions
permit extrapolation of curves in Figures 3-44 and 3-45 to 40,000 'kg/cmz.

Further extrapolation is accomplished by projecting the isotherms as

straight lines on a semi~log plot. The specificthermal expansion is expected

to decrease, but to remain positive and independent of femperature. The ex-
trapolation in Fig. 3-43 ‘also gives the intersection of the isotherm and the
phase line.

The following equations are used for the pressure ranges indicated:

(1) From liquid at saturation pressure to 5000 kg/cm2

ooy _ 2.303 +B
(vz-v) = == logao B (3-63)

where B and n are’func;jtions of temperature only:

T(°C) 25 75 125 175 225 275
B 2,940 2,660 1,970 1,570 1,150 650
n 7.652  7.962 8.280 7.584  * 6.700  6.020
Vs " 1.0029 1.0258 1.0655 1.121 1.200  1.3175

(2) Liquid between 5000 to 40,000 kg/cm2

: 2.303 +B
(v3-v) = === logg E;:ﬁ' (3-64)

d
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where B and n are again functions of temperature only:

T(°C) 75 125 175 225 275

B 2,560 2,470 2,090 1,510 790
n 8.022  7.581 7.327 7.220 7.220
v .893  .913 .933 .953 .973

(3) Liquid above'_40,000 kg/cm2

logjo p =mv + b o (3-65)
where
‘ -3 -7 .2
m=-3,.8337 + 2.100 x 10 T - 9.05 x 10 T
-4 ‘ -7 .2
b= 7.1648 - 9.4175 x 10 T + 4.15 x 10 T

(4) For ice VII

logyp p' =m'v' + b! , (3-66)

where m' and b' are functions of temperature only:

T(°C) 25 75 125 175 . 225 - 275 325
m' -6.460 -6.066 -5.742 -5.431 -5.206 -5'.000 -4.773
b' ’ 8.5226 8.3193 .8.1524 7.9919 7.8774 7.730 7.657

For numerical compilations the equations and graphs are adequate to
solve for shock wave parameters. Values for enthalpy changes are given in

Table 3-8: .

DEPENDENCE OF THE ISOTHERMAL SPECIFIC ENTHALPY GHANGE BETWEEN SATURATION
PRESSURE (p,) and 40,000 kg/cm? ON THE TEMPERATURE

AH = H(T, 40,000 kg/cm?) - H(T,p3)

T°C 100 - 150 300 250 275
AH 27,620 27,563 27,440 27,943 27,665

* AVERAGE AH = 27,646 kg/cm per gram
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TABLE 3-9
SHOCK WAVE PARAMETERS IN FRESH WATER INITIALLY AT 20°C AND 1 ATMOSPHERE
P T v u u c H-Ho q
Liq P.fr Liq P.fr. Liq P.fr. Liq P.fr. Liq p. fr. Liq P.fr.
kb . °cC cc/g m/sec m/sec M/sec kg-cm/g fraction
0 20.0 -- 1.0018 -- 1,483 -- 0~ -- 1,483 -~ 0 -- -
10 56.4 -- .8253 -- 2,350 -~ 410 ~-- 2,683 - 9,250 - -
15 75.3 -- .7862 -- 2,643 -- 568 - 3,050 - 13,700 - -
20 94.2 -- .7580 -~ 2,880 -~ 700 ~-- 3,313 -- 18,150 -- -
25 112.4  -- .7358 - 3,092 -~ 823 -- 3,501 -- 22,120 -- -~
26.7 118.8 118.8 .7290 .7290 3,158 3,158 861 861 3,560 2,717 23,500 23,500 0
30 130.9 140.3 .7172 .7100 3,281 3,200 934 937 3,672 2,941 26,300 26,200 .1025
35 150.0 170.1 .7012 .6921 3,446 3,367 1,036 1,040 3,833 3,223 30,330 30,230 . 1600
40. 169.3 195.8  .6870 6781 3,597 3,520 1,130 1,138 3,996 3,460 34,400 34,270 .1872
45 188.9 218.0 .6747 .6657 3,728 3,663 1,217 1,229 4,152 3,658 38,400 38,270 .2016
50 208.2 238.0 .6639 .6552 3,860 3,802 1,302 1,315 4,298 3,823 42,500 42,250 .2074
55 226.6 256.1  .6538 6457 3,986 3,935 1,386 1,400 4,424 3,966 46,450 46,200 . 2066
60 244.5 272.5  .6442 6368 4,107 4,060 1,466 1,481 4,530 4,090 50,300 50,100  .1999
65 260.4  287.9  .6352 .6287 4,221 4,181 1,542 1,559 4,624 4,211 54,240 54,000 .1890
, 70 276.2 302.2  .6269 .6212 4,332 4,297 1,620 1,633 4,710 4,328 58,120 57,880 L1752
N 75 292.0 315.2 .6197 6146 4,438 4,410 1,693 1,705 4,788 4,442 62,000 61,780 .1591
80 307.6 327.7 .6120 .6086 4,541 4,518 1,766 1,772 4,859 4,553 65,830 65,720 .1410
85 - 323.5 339.6 .6051 6026 4,642 4,622 1,836 1,840 4,922 4,661 69,640 69,600 .1208
90 339.7 350.4  .5985 5970 4,742 4,724 1,904 1,908 4,981 4,763 73,470 73,420 . 0962
95 355.5 361.0 .5921 5916 4,842 4,820 1,972 1,972 5,038 4,863 77,300 77,250 .0637

LB
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Discussion

Numerical values (Table 3-9) show from 26.7 kilobars up values for

both supercooled liquid and partial freezing. Fromthe position ofthe Ranking-
Hugoniot curve (Fig. 3-46) it ié seen that at 26.7 kilobars this curve crosses
the phase line and above this pgint supercooling or partial instantaneous freez—
ing may occur at the shock front.

Snay and Rosenbaum do not discuss whether acfual ffeezing oCcurs.
I(Freezing does take place in carbontetrachloride). Howevér, the cases of
partial freezing and supefcooling are‘presént-ed a.s possible extremes. The
R—H curve and the water-ice VII phase line are never far apart, and'at 100

kilobars the R-H curve again enters the liquid region. Thus, it is reasoned

that the question of freezing cannot be settled by observation of shock wave

propagation.

Particle velocity calculations (Fig. 3-47) are in good 'agreement with
other investigators, but disagreementoccurs in values of propagafion veloci-
ties. Sound velocity is changed by freezing with a distinct discontinuity at

26.7 kbars (Fig. 3-48).
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CHAPTER 1V
WATER JET IMPACT ON ROCK

There is a rich fund of information concerning hypervelocity impact on
metals, by water, by projectiles and by jets from shaped charges. However,
the theory and data for water impact is for relatively low velocities, i.e.,
maximum velocities are near 1200 km/sec. Numerous projectile studies have
been made in efforts to determine the effects of micrometeorites on space ve-
hicles outside of the earth's atmosphere. 'Shaped charge data is concerned
largely with effects on metals, but provides some informative comparisons.

Many of the phenomena for various materials used for impacting agents
and for targets are similar, but there are important differences between water
jets and metal jets or projectile.s , and between the behavior of ductile metals
and brittle rock targets. While a fair n_umber of tests have béen performed
utilizing water jets and rock targets, little basic theory has been derived to
describe the mechanics ofimpact. Valuable data and empirical ideas are avail -
able, however, and these aredescribed below. There is not enough in-forma-
tion inparticular areas to lead to complete analyses, so results are described
under the names of particular investigators whose work is pertinent.
Ostrovskii

In his report (1960) Ostrovskii (Ref. 28) made a summary of some of
the latest developments in Russian methods of drilling, with fragmentary but
uséful information on use of high velocity jets. He reports that tests had been

made on limestone and dolomite with pressures of 5000 kg/cm2

and velocities
; :

102
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to 1000 m/sec. These experiments showed thét breaking ofrocks by high ve-
locity jets depends upon ;che physical—mechénical properties, mineral composi-
tion, and small scale structural features. Strong rocks such as granites
(Fig. 4-1), limestones and dolomites, are slabbed off in large fragments, re-
sulting in the formation of conical craters of apex angle greater than 90°. In-

homogeneous rocks suchas sandstone are shattered without appreciable spall-

ing, resulting in a cylindrical crater. The effects in clays are similar to

‘those in sandstone. When blocks of hard rock (1 x 1.'5 X 1 m) were impacted

by pulsed jet the blocks were fractured as. well as cratered.

The effect of standoff on penetration of jets in air and in water for a
graﬁite with a uniaxial compressive strength of 2000 kg/cmz' (Fig. 4;2) indi-
catgs that the peak penetration ié obtéined atabout 55 mm standoff fora com-
bustion chamb-er pre'ssure‘ of 3500 kg/cmz, jet diameter 3.15 mm in air and
3.10 in a layer of water. <

AAccording to Ostrovskii, the Russian exbefiménts indicate that thie op-
timum diameter of jets is0.8 to1.0 mm at-a standoff of4 to5 cm forthe range -
of pressures and velocities investigated, i.e., to SOOO kg/cmz-. The width
of cut varies from 3 to 5 mm and depth increases as a lipear function of pres-
sure in strong rock such as granite. At a nozzle pressure of 2000 kg/cmz,
a transverse cutting rate of 1.4 cm/sec, the depthofcut for granite (compres-
sive.strength 1300-1500 kg/c;mz) was 30 mm, for marble (800 kg/crpz) it was

74 mm and for limestone (600 kg/cmz) 97 mm. As indicated elsewhere, cut-

ting depths vary widely with type of jet, nozzle pressure, standoff, nozzle
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diameter of nozzle (movement of liquid jets through a
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moving through a layer of water (diameter of nozzle,
3.10mm); 3) same as last with a nozzle diameter of
2.25mm. ) Movement of jets through a layer of water;
+) movement of jets in air. . (Ostrovskii).
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diameter, jet velocity, cutting speed, as well as other variables. For exam-

ple, some types ofshales are not susceptible to cutting with nozzle pressures

of 2000 kg/cm?.

Farmer and Attewell

Farmer and Attewell (Ref. 22) postulate that in low velocity water im-

pact a two wave structure is set up, a leading dilatation wave and a follow-

ing shear wave (Fig. 4-3). ._Also., a small area subject to. a high pressure jet
causes erosion because of the instantaneous compression. Rock under impul- ‘
sive .load is said to gain in strength under high rates of loading. For sus-
tained jets the compressive force exceeds the dynamic strength of the'rock,
'Which is degréded and the particles flushed A.out by the water. Ffacturing by.
jets is related to Griffith's: theory, ana the fact fhat adsorbtion of a gas or
liquid on the surface of a rock decreasés its surface en.ergy.
| Farmer, et al., used a pressure intensifier of volume ratioof 2. 5:1,

»(Fig.‘4—4) with an input pressure of 10,000 psi and a volume of 5.6 in.3 of
water was délivered at 25,000 psi. The nozzle was composed of a 30° énd
45° cone leading down to a cI:ylindrical opéning'of 1/10 inch diameter. Re-
duction in diameter isless forlarger nozzles, and smaller jets than 1/10 inch
were found to <brea‘k up.

"The _‘greateAst penetration was achiéved at zero standoff (Fig. 4;5),
while crater diameters increased with an increase in standoff (Fig. 4-6). At
low velocities there is also a marked dependeﬁce of penetration on compres-
sive strength (Fig. 4—‘7) . Water velocities we-re found to have a mean value

of 2,800 ft/sec, and the impact pressure, calculated from p = pcv was found

3
to be 14 kilobars.

-

=
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Tests were also made on three relatively softrocks for velocities be— (
tween 200 and 500 m/sec (Fig. 4-8). The transition veloéity between 250 ahd
300 m/sec is believed to be due toturbulence in the crater. Maximum pene-
tra_tion is not necessarily obtained with smaller jets, indicating that kinetic
energy of the jet is important (Ref. 42).

In a co-mparison of jets apd projectiles, for low velocity projectiles

" Farmer, et al., (Ref. 23) suggests that the penetration is proportional to the

! \ momentum:

L ’ . .

h = %mvo ' | (4-1)
where

s m = mass of projectile

!
= v, = impact velocity
N*L a = Cross séction of projectile
: k = a constant depeﬁdent on projectile and target projectiles

Eciuation' (4-1) may also be written: ' ‘ e

h = %’.m(vo-ve) ‘ (4-2)

s

where
Ve = critical. (minimu'm) velocity for penetration.
The static compressive strength of the rocks tested by Farmerand Atte-

well is given in Table 4-1,

Lia D
dund 7.-1,“«;-.&“%}44
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Fig. 4-8. Rock penetration by water jet impact. (Farmer).
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TABLE 4-1
Rock Static Compressive Wave Velocify c,

: Strength kg/cm? m/sec
Ferruginous sandstone 270 _ 2400
Darley Dalé sandstone 580 2400
Oolitic limestone 540 3900
Carrara marble 1090 4900
Anhydrite » 1200 4600

With the pressures and velocities available it was found that larger
diameter jets would not penetrate the two strongest rocks.
It was found thatabove a certain critical velocity the rate of penetra-

tion was less for higher velocities. The penetration equation for the region

above 300 km/sec was found to be

h = kdc(vo/c)2/3 (4-3)

Jet instability (Ref. 23) is stated to be due to surface waves and a
turbulent mixing zone. Some behavior is varicose, butat higher velocities.

is sinuous or helical.

Konyashin and Veselev

Konyashin (Ref. 27) used two types of hydrocompressors and a pres-
sure multiplier for research in cutting rocks; type K-17 vyifh a single cylin-
der, 1000 atm, 10,00 liter/hr capacity, and a type GK 2/2, a one-step three
cylinder machine with twice the v.olume and pressure.

| Continuous j‘et's were obtained with the multiplier at 500 atm with noz-

zles of 1 mm./ Withouta multiplier pressures of 150 to 200 atm were obtained

s

in
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with a 3 mm nozzle. The latter was also employed with abrasive material in
the jet, but it caused too much wear in the nozzle. The brimary 'purp'ose of
the multiplier was for obtaining preliminary data.

In comparative experiments, specimens were mounted on a lathe so
that they could be moved with a transverse velocity v,. All three types lof
~ equipment were -employled, i.e., pressure multiplier, K-17 and GK 2/2 com-
pressors, to determine cuttiﬁg ability on two types of limesto'ne. (Table 4-2).

v’_I‘he K—1'7 pulsating jets gave better’ ;esults than the constant jets from
the"multiplier., and pulsating jets from the GK 2/2 w;vere poorer than both the

others.

Further tests were conducted with the K-17 without a receiver (last

line Table4-2). The nozzle préssure was measured, as well as the power con- -

sumption of the motor (1516 kw). 'Both the K-17 and GK 2/2 were constructed
so ti’xat part of the water only went thxjough the nozzle. That flowing through

the nozzle is given by: ‘ .

Q= av (4-4)
and , o |
v = ¢/2gp . 4-5)
where
Q = quantity of water m3/sec
vV = vel:‘ocity of flow, m/sec
¢ = coefficient of velocity, 0.9
g = gravity
P = pressure, meters water

™
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TABLE 4-2

Results of Cutting Tests

Standoff Jet Depth Width % Increase Vn Press Pulses/
Equip. cm Type Dia. Rock mm mm ~ (c-P)/c cm/sec atm sec
’ , M 5.0 . C 0.98 1 65 - - 1.0 400 -
K-17 5.0 P 0.98 I 9 . - 38.5 1.0 400 16
M 5.0 C 0.98 I 35 1.5 - ' 10.0 500 -
K-17 5.0 P 0.98 I 43 1.5 22.8 10.0 500 16
M 5.0 C 0.98 I 26 2.5 - 19.0 500 -
K-17 5.0 P 0.98 I 38 2.5 46.0  19.0 500 16
M 1.0 C 0.73 I 48.7 - - 1.0 550 -
K-17 1.0 P 0.73 I 49.3 -+ 1.2 1.0 550 16
GK 2/2 1.0 P 0.73 1 40.5 \ - -16.8 1.0 550 12.
, M 1.0 € 0.73 K 11.8 . - - 1.0 550 -
K-17 1.0 P 0.73 K 13.0 - +10.2 1.0 550 16
‘ ; GK 2/2 1.0 P 0.73 K 8.4 - -28.8 1.0 550 - 12
GK 2/2 1.0 P 1.08 K 37.0 - - 1.4 1000 12
K-17 1.0 P 1.08 K 44.8 - (K17-GK)/GK 1.4 1000 16
- (K-17 1.0 P 0.78 K 28.0 - +21.1 1.4 1000 16
(w/o rec. .
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The magnitude of pressure is limited. For the K~-17 of Q=1000 liters/hr, -

high pressures are not obtainable with nozzles greater thanl.l mm. From the

above equations

Q2 ~ (4-6)
a?¢22g

and for a nozzle1l.3 mm diameter the corresponding pressuré is 277 atm. Due
to the loss through release valves the actual relative power in the jet could
not be obtained.

The power in the jet is

'p ‘
N Qn o (4-7)

n 367.2
where
Nn = power in jet, kw

Qp = liquid through nozzle m3/hr

The Sharymov method of calculating useful Work by multiplyihg vp X h
was used, or multiplying the lateral velocity of cutting by the depth 6f cut.
On this Abasis the relative energy capacity of the .K-l7 withoutand with é re-
ceiver wés found to be 40 percent. ,

The magnitude of the useful power was determined by

N =N & (4-8)
n 0 = '
Q0
where
_No = power consumption of motor

Qo = production capacity of compressor, m3/hf
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‘The power in the jetwas determined by calculation andverified by an especi-

ally designed experiment.

The cutting capacity of the K~17 (1) with and (2) without a receiver
was found by determining the pressures necessary to produce the same depth
of- ‘cut' for both cénditions at the same value of vy. The séme depth of cut’
(Tableﬂ4—3) was mobtained‘for app;oximately the same maxifnum pressure, but
the energy bcapacity and Hminimur.n pressure were greater for the compressor
with a receiver. It is recomménded, therefore, that for pulsating jgts greater

fluctuations in the nozzle pressure are desirable for velocities Vp up to

1.4 cm/sec.

TABLE 4-3

Pressure Réquired for Same Depth of Cut

Pressure, atm

Equipment Gage Max. Min. Ave.
K-17 with receiver 1000 1310 932 1130 i
K-17 without receiver —_—— 1365 0.75 754

‘In experiments conducted with vy up to about 20 cm/sec only conical
holes were formed with pulsating jets. For such high transversé speed_s high>er
jet velocities are recommended. Itis aiéo concluded that pulsed jets may be
inadequate for cutting rock, but may be better for rock breakage.

The production of pulsed jets also was found to increase the breakage
of machinery parts. The final recommendation (1963) was therefore that hy-

drocompressors be constructed with small receivers.
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Zelenin, et al. (Ref. 20)

Maximum slotting is obtained at 90° incidence of impact with 9-13°

nozzle (Fig. 4-9). Rocks tested are:

Protodyakonov
Type of Rock hardness, f
Limestone 5toé6
VMarble 8 to 10
Granite ' .12 to 14

Jet cutting effects were recorded, in terms of glot depth h in mm in ten
completed cuts. Maximum slot depth was obtained with minimum standoff,
(Fig. 4-9). Increase in depthwith receiver pressure (Fig. 4-10) was greatest
for the softest rock, while depth of cut aﬁproached a maximum for increase
of nozzle opening (Fig. 4-11) as well as with the number of passes by the

jet (Fig. 4-12). The initial percentage increase is greatest for harder rock.

The feed speed {traverse speed of the nozzle paraliel to the rock surface) in-
creases the cutting -effectiveness in softrock up to 180 cm/sec. In Qery hard
rock the optimum feed speed is between4 and 8 cm/sec. The rélationship be-
tween hardness and slot depth for selected rocks (Fig. 4-13) shows a rapid
decrease in cufting pox;ver with increased hardness.

The bréaking power of jets was also investigated with nozzles ofl1.11
and 0.98mm at 1,000 atm pressure anda étandoff of 5 cm. Tough limestones
were not broken, but holes were drilled. Granite and sandstone blocks
5x 30x10cm were broken by a jetimpacting at the center of the larger face.

Marble blocks 4}0 x 30 x30 cm were likewise broken. However, some hard
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Fig. 4-11. Dependence of slot depth - h on the area of the nozzle
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and brittle rocks were not broken by jets impacting from 30 to 60 seconds.

The formula for jet energy is given by

Qp,t
E = 367.2 x 3600 AT (4-9)
where
" Q = quantity of water, ms/hr
p. = »receiver pres-éure, meters
t = time of jet action, sec.

However, a comparison of crushing energy of the rqck‘ with calculated energy"
ga\}e- too wide a scatter of déta to establish any useful relationships. (This
method of test was di,sconfinued.) |

A device was designed to measure the total force ofa water jet at vary-
_ irig sfcéndoff distancgs . Results (Table 4-4) show that the force is approximately
constant, probably due to little loss in jet velocity indistances to 45 cm. The
decréase in slot depth h with increase of- standoff is dut; to the growth of jet

cross-section with distance traveled. It is concluded that the slot depth is

propor tional to t_he water jet pressure.

TABLE 4-4
Pressure
“in Acting force of water stream p, kg
receiver '
p, atm.
2 =3 cm % =5 cm L =12 cm L = 25’cm L = 45 cm
300 4.0 4.0 . 3.5 3.9 3.5
500 9.0 7.0 7.0 7.5 10.0
700 10.0 . 11.0 11.5 11.0 12.0

1060 " ‘15.0 14.0 | 16.0 15.5 ° 15.0



123

It was found that for a giventraversing speed there is a definite crit-
ical specific pressure for a givenrock at which siot cutting is initiated. This
value is directly proportional tothe coefficient'of hardness ofthe rock, i.e.,

Ppig = 13 f | (4-10)
and the critical receiver pressure is given by
p.=25f _ (4-11)

It was also fognd that the product of the working area of a jet, Wi,
and the cut depth h is constant for a given material and is independent of
standoff. Also, h x w, is inversel.y proportional to f. Thus, for p=1000 atm,
v, =1 cm/secand d =1 mm, for rocks of f =5 to 16,

hews £~0.5 (4.-1;)
For rocks whefe f varies from 5 to 20 the following range of operational

values for rock cutting were recommended:

(a) Pressure: 800 to 1500 atm
(b) Nozzle dia.: 0.8 to 1.5 mm
(c) Standoff: 1 to5 cm

(d) v, = 40 to 170 cm/sec

For rock breakage standoiff should be zero.

Lyschevskiy

Lyschevskiy (Ref. 11) notes that a theory for fracturing of rocks by
watef jets had not-been established (1963), and therefore laws must be based

on results of experimental research.

a
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A method of dimensional analysis is therefore proposed. The pertinent
parameters selected are:
b = depth of cut
p; = density of jet
p; = dynamic viscosity of jet
- =-surface'tension of jet
po = density of target material

up, = dynamic viscosity of target material
\

u, = nozzle velocity of jet
%2 = distance from nozzle
v, = transverse velocity of target
f = Protodyakonov hardness
® = angle of incidence of jet
Thus,
ho= F(p1; w15 05 025 W25 us ds &5 v 85 f) . (4-13)

To obtain dimensionless quantities, the units of L, G and T are used

for length, time and gravity in the cgs system, and

L GT3 . GT G GT?2 GT
hL=F [ py — 54 — 3 0 T3 P25 M2
. LH L2 Lh L2

(4-14)

u L;dL;!lL;vk;e;flos'G—-
T ¢ T L2
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One set of dimensionless quantities is given by

H1 P2 M2 P1d,

%—-= Fol——=s3575 —/—/—=iu. V5 7T
c Ypyd o 1 vpid o c
1%¢ 1%

(4-15)

_However, u; and y,areanalogous, and the following expressions are utilized:

L2

p1d : ‘/ p1d d S
=4 2 c. = c . = 5¢ _C . = 4-16
Weul? =3, =v Vo= 105 = ; M i (4-16)

which gives

P2 H2 : .
S — o — W W ;8¢ - (417
P17 M1 Sd v

The sections of the jet are (1) the initial undispersed jet 2,
(2) the transition section 25 , and (3) the final or dispersed section £j.

The following empirical equation has been obtained from data for the
23
length T
(o4

0.308 :
fl_l= ¢ —= T.21 (4-18)
c w0'71 pay-.
o1,
while the value of y,/4 is given by
. c
L2 WO0.25 MO.4 410
—C'Cl pp\ 0.20 (__ )
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for variation of the parameters W, M and p,/ps
(pp/p1) W= 60 to 7000; M < 0.25; (pa/p1) = 0.014 to 0.0095.
For nozzles designed with a conical entrance and cylindrical exit,
C =1096, and Cy takes on different values. For water jets on a given rock

(py/p;) and (n,/u; ) have constant values. Also‘,ulz/pldcvaries in a minor

. way and it may be neglected. Equation (4-17) may then be written as -

I
A

w; %—-; W, 85 ¢ (4-20)

Q-I:J"
—

C

Utilizing p; =1.02 x 1073 g/secz/cm4, p; =10.2x 10"6 sec/cmB,
and 0.=0.072 g/cm, pp =1.25 x 107 g/sec%cm4 and considering that
uc»="12’u(2:p/p1 where p is the pressure of the liquid in kg/cm2 and H, is the
losséoefficient

2] 39.5(uc2 p) : ‘ (4-21)
and =~
1L
2

' L
P2 = 14.1 4] p’ dc0-85

N

(4-22)

Researchresults of Zelenin, et al., (Ref. 20) were obtained with noz-
zles of 0.4 to 1.2 mm diameter, p_\}arying from 400 to 2000 atm and trans-
verse velocities of 1 to.20 ém/sec on-limestone, .marble,' granite, labrador-
ite and other rocks with { varying from 0.00 to 16. The criterion Wp is em-—
ployed because of the importance of p. and is obtained by substituting W_for
Heo i.e., Wp = uipdc/g . For a range of values of Wp from 5 x 105 to

26 x 10° the data may be represented by (Fig. 4-14)

Qal:f

= const Wpl'6 ., ‘ : (4-23)
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A log-log plot ofh/d_against ¢ (Fig. 4-15) also gives the relationship

-}:1— ¢ = const (4-24)
c

2 2

for a range of values of ¢ from 9.9 x 10° to 224 x 107,

The plot of the effect of angle of incidence (Fig. 4-16) gives the fol-

lowing for limestone and marble

1.6 1.6 [ e
= const Wp (sind) =\ (sinod) (4-25)
c ¢ Jmax

&l:"

Likewise, the influence of W, on the dimensionless depth’ of the cut

(Fig. 4-17) is expressed as:

h__ _const | (4-26)
d. wvo. ?1 : ’

IThe effect of the disténce from the nozzle to the rock is different fq;
the three characteristic sections of the jet (Fig. 4-18). For the solid core
section the force is virtually uhchanged, i.e., there is little attenuation .br
dispersion. Becausé of dispersion and other processes there is a decrease in
pressure and cutting effectiveness (Fig. 4-19). The rate of.‘decreas.e in the
last section is even greater. The boundaries between.the sections are indi-
cated by equations (4-21 and 4-22). The empirical expressions applicableto

the sections are

. Transfer section

ho. sonst (4-27)
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Fig. 4-16. The relationship of h/dc = f(8) for limestone and
: marble, limestone f = 7, p_ = 1000 atm, & = 10 cm,
= 0.1 cm, v. = 20 cm/seC, - marble f = 10, p_ =
880 atm, d_ = 8.1 cm, v o= 1 cm/sec; h/d = (s 8 g)l.6
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Fig. 4-17. The relationship of h/d ¢ f(wv), = 0.1 cm;

P, = 1000 atm. (Lyschevskly)
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Data for Figure 4-19

£ 3 v dc
cm cm/sec cm
10 5.0 1.0 0.072
5 5.0 1.0 0.072
10 5.0 1.0 0.04
0.7 10 20 0.1
10 5.0 1.0 0.118
0.099
5 5.0 1.0 0.099
0.118
16 1.0 1.4 0.1
10
5-6
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and dispersed section

const .(4-28)

) 1.14
[

Cutting should therefore be performed by the jetat distances less than

h
T =
c

the end of the transfer section.
Also, the'expressions for cutting for a given angle of incidence is for

(a) the transfer section

. : 1.6
.%—-= 0.305 x 102 —(#psin®) (4-29)
c ow 031 () 0.22
v —] .
d
, C
(b) the non-dispersed section
- c 31,6
%-: 0.23 x 1072 [(Wpsinp) : (4-30)
c oW 0,31 .
v
(c) the dispersed section
he -2 (Wpsin 6)1.6 |
d =21.5x 10 P (4-31)
c oW 0.31 /9 1.14
(o4

Inserting the parameters for cutting by capillary jets of water at nor-~
mal incidence (8 = 90°) for depth of cut is
(@) for the non-dispersed section

2 1.6 1.445
2 (Uc p) dc

h = 1.405 x 10~ (4-32)
£y 0.31
(b) for the transfer section
2.v1.64 1.665
J -2 (“C p) dC
h =71.865 x 10 (4-33)

£y0 31 0.22
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and

(c) for the dispersed section

(u 2p)1.6d~2.585
2 c c (4-34)

h = 131 x 10
: £y0:31g1. 14

in which thelinear measurements are in centimeters , the velocity in cm/sec,
and the pressure p in atmospheres. Thus, standoff does not enter in for cut-
ting at small values of g and cutting is most efficient in this region.

Voytsekhovskiy, et al. '

The IV-4 pulsed water jet was developed in 1961 (Ref. 24), the jet de-
veloping approximately 5000 kg/cmz.

Hardness of blocks of sandstone 13 x 11 x 7 cm was determined and

" these were shot at distances of 85-90 cm erm three coordinate directions.

Normal to the stratification, small cracks and spalls occurred with the first
3to 5shots. Subsequent shots penetrate these cracks, form hydfaulic wedges
which break the rock to form cone-shaped craters with a compressed rock

nucleus. The angle of fracture of the side of the cone varies from 26° to

30° for the sandstone tested.

For the full series of shots atone position small volumes up to 100 cc-
were brokgn out (Fig . 4-20) By 3 to 5 shots, and increased sharply thereafter.
In shots parallel to stratifi‘cation,' the first shot broke 25 cc, and the pres-
ence of existing cracks enhanced the breakage. The 37th shot broke the
block. A second-group of teéts was made onlimestone of hardness f =7 to 8.
Tﬁe first shot, at normal incidence and a standoff of 1.1 to 1.5 meters, rﬁade
a hole of h =16 to 18 cm and diameter 19 to.21 cm, and a second shot in-

creased the depth to 19 to 21 cm. Shots at 82.5° incidence formed holes
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Fig. 4-20. Relationship between the volume of destroyed sandstone
: and the number of shots directed to one point.
(Voytesekhovskiy).
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h =13 cm and 4 to 5 cm diameter.
The average breakage per shot varied from 2 to 2-.9 cm. Thepowerre-
quired per shot is given by
A=vp - (4-35)
where

v = 30 liters, volumé per shot

p =65 atm = averaée pressure supplied to wéter jet

A =1950 liter - atm or 0.054 kw-hr

This 'indicétes a power' consumption of 18 to 27 kW—hr/cu meter.
The conclusions were:

1. The IV-4 pﬁlsed waterj'et developing 7000 kg/cm2 dynamic
pressure will successfully break'rocks off=5 ‘to 6 con-
taining cracks.

2. Effective br‘eakagé requires from 3 to 5 shot; in the same
position, or one shot where cracks are present.

3. Less unit power is .required for higher pressure jets.

Inthesetests all rocks were made with blécks inthelaboratory. Com-
plete fracture of such blocks is _not analogous to the type of fracture which
would occur in a solid face.

Chastovitin and Cherkasov

In 1960 Chastovitin (Ref. 43) noted the possible use of high speed
water jets in tunnels. Préssures varied from 1000 to 1500 atm forcing water
through nozzles of 1 to 3 mm diameter with speeds of 300 to 450 meters/sec.

Transverse cutting speeds varied from 5 to 30 cm/sec. Slots are cut in the
p .
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working face and the rock between split by "known means". Further studies
onthe productivity, energy and other factors were reported to be in progress.

Konyashin and Veselev

Konyashin and Veselev (Ref. 27) report results of rock cutting experi-

ments with pulsed jets. Pressures were varied from 400 to 1000 atm, nozzle

.I diameter from 0.73 to 1.08 mm and pulse rates were 12 to 16 per sec. Two

types of limestone were used for targAets and traversing speeds were varied
from 1.0 to 19.0 cm/sec.

At traverse speeds of 20 crﬂ/séc onl$r conical holes were obtained.
Also, producing pulsed jeté_increases machinery‘breakage. It was concl~uded
tha~tﬁgpulsea jets are adequate for rock breakage.and not cutting.

- This conclusion was borne out by Voytsekhovskiy (Ref. 24) who con-

-cluded that pulsed jets developing 7000.1<g/cmz dynamic pressure will suc-

cessfully break moderately hard rock. - Little is given on the mechanics of
breakage. However, the fractures produced by £he first few shots provide
a meéns for craék penetration and fracture by subsequent shots.
Kuklin

Kﬁklin (Ref. 16) s'tatés fhat the fracturing ofrock by waterjets de-
pends upon the followir;g factors:

1. .The physical-mechanical p.roperties of the rock and the in situ

structure.

2. The technical processes and the method of hydraulic fractur-

ing; and
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3. The combination of the action of hydraulic fracturing with me-

chanical, blasting and other methods.
Four types of h'ydraulic fracturing are indicated:

1. The hydro-washing of slightly cemented materials, or grains
or fragments, such as sands, broken coal or other granu-
lar méterial .

2. Washing“off‘of laminated sandy-clay rocks, accompanied by
filtration into the force, in materials such as are mined by
open pit methods.

3. Hydrofracturing ofcracked or fragile rocks due to cuttiﬁg ac-

tionand pressure, particularly by pulsed jets, characteriéed
by large spalls or fragments.

4. The cutting of dense or lengthy fractional rocks by pulsed or
continuous jets, characterized by formations of small frag-
ments, utilizing pressures to 2500 atmospheresi

These categories may overlap considerably.

Kuklin stated in 1962 that the primary objective of further re'search'
should be the development of combined methods of fracturing. ﬁe recom-
ménded (a) the adoption of a unified terminology, (b) determination of energy
and other parameters of the jet, and (c) production ofres.earc;h results ofrock

properties and methods of testing.

Leach and Walker

Leach and Walker (Ref. 10) studied the effect of 1 mm water jets at

about 1000 m/sec (Mach number 3.5) on 30 cm cubes of three sandstones,

)i
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a marble and a granite. Compressive strength Rss-330 atm, DDss-670 atm,
Pss-1460 atm, C marble.1100 atm, and A granite 1370 atm.

Jets usually produceda hole, with occasional large cracks or shallow
craters. The holes for all rocks were 5 ¥ 1 mm diameter. For harder rocks
penetration did not take place below a (suggested) critical pressure of 2000
atm. Hole diarrieter did not vary significantly with depth.

Rock strength effects hole depth, which increases with pressure
(Fig. 4-21). Repeated shots at 5000 atm suggest a. critical depth for DDss,
(Fig. 4-22). Simulated pressures (Fig. 4—23) at thle hole bottoms were mea-
;ured for 130 and 600 atm nozzles with a special device and were found to

~‘dectease to a constant value of about oneftehth the pump pressure for hole
depth greater than 10 hole diameters. A similar phenomenon is thought to oc-

cur for pressures of 2000 atm to account for limiting hole depths.

A

Assuming spaced geometrical water jet cutting normal and parallel to
a face of rock, an estimate of 40 kg/min for Rss is estimated, which produc-
tion is not as great as mechanical methods for the same horsepower (500) at

the nozzle outlet.

Cooley, et al.

Cooley (Ref. 31) compares effecti\'feness of steady and pulsed jets on
the basis of amountof rock broken forthe same nozzle diameter, pressure and
horsepower. The volume rate .parameter is defined as the amount of. rock

broken per jet horsepower

0 = i (4-36)
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CHAPTER V
PROJECTILE ACCELERATION AND IMPACT

INTRODUCTION

Most of the research performed with hypervelocity projAectiles has been
for the bufpose of simulation of meteorite impact. The maximum velocities
obtainable for undeformed projectiles (1968) appears to be in 'th<=T neighborhood
of 40,000 fps for small, low density material. Several means _have been ex-
plored and utilized for accelerating projectiles su.ch as direct projection by
ekplosiveé, electric arc guns, magnetic accélerators and others. Implosion
techniques in the bhamber of a gun are currently under experimentatior'n%.TheA
most successful device to date, however, ap’pears to be the light gas gun-
(see Appendix A for theory). |

-Expérimental conditions oftenrequire that the projectile be i.mdeformed _
and of its original mass when it reabhes the tardet. This n_leans.that the ac-
celeration forces cannot exceed the strength of the projectile. Likewise_, the
mass of the projectile must be small, and vw-hile there is no theoretical upper
limit to attainable velocities, practical considerations iq.size, strength and

pressures have placed an upper limit on projectile velocity.

Limitations - High Velocity Guns

In research and applications of high vglocity guns to rock fractu_re
problems it is necessary to know what the limitations are with respect to the
mass and velocities ofprojectiles as related totheir properties and the para-

meters of the gun. Curtis (Ref. 45) stated in 1964 that '"no clearly defined

/ .
theoretical upper limit to the velocity capability of a light gas gun exists."

e

“
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where V. is the volume of rock broken.

Repeated shots for sandstovne have yielded 500 times the volume of
rock broken by a st_éady jet (Russian tests - Ref. 24). However, the tests
were made on unconfined blocks of rock. The added effectiveness was due
to the porosity and fractures inthe sandstone. The same was true of granite
when a second shot broke 10 times more rock than a first shot. The cracks
caused by the first shot permitted pressure to be exerted beyond the crater in-
to the rock, resulting in di;ect tensile slabbing.

Bowden, et al.

Bowden and colleagues, (Ref. 44) discussed the effects of liquid im-
pact on metals, particularly with reference to raindrop e'rosion; However,
droplet velocities were limited to a maximum of 1200 m/sec. The principle
mechanism of removal of material appears to be by means of a process of ero-
sion. The research results in the paper by Leach and Walker, which is con-
cerned with irﬁpact of water jets on rock, is presented elsewhere in this re-

port.
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The primary factor appears to be the ratio of the accelerating forces to the
strength of the projectile. The following discussion is taken from Curtis
(Ref. 45).

The velocity of the projectile is obtained by intégrating Newton's equa-

tion of motion

n S - ap(t) (5-1)

where m _is the mass of the projectile, u is vélocity, A is the effective area
of the projéctile and p(t) is the actual pressure on the projectile. The mass
of the projectile should be‘small ana also eitherthe pressure and/or the time
of application of pressure must be large. Thus, the gas pressure orthelength
of thé gun barrel must be increased. The pressure can only be increased un-
til the limit of strength of either the projectile or the gun is reached. To in-
crease time of launchthe length of the barrel must be increased, but thelength
is proportional tothe square of thelaunch time. Hence, it is desirable to in-
crease the pressure to a feasible maximum. | HoWever, even well designed
projectiles will only sustain pressures whichare an order C')f magnitude lower
than operational pressures of guns. |
Ideally, the propuléi\}e pressure should be kept qonstant during the

launch period for maximum velocity. Practically, this ié not possible, and
even undesirable to do, but the "ideal gun" may be used as a basis for com-

parison of performance with real guns. The performance factor is defined as

the ratio of the maximum base pressure to the average base pressure. Early
light gas guns had performance factors as high as five, while that built at

General Motors Defense Research Laboratory (1964) has a factorof two orless.

f
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Another rﬁain constraint is the strength of tﬁe projectile. Accelera-
tion distance—relationl.(Fig. 5-1) shows thatanacceleration onthe order of 166
g is required to accelerate a proj'ectile to 30,000 to 40,000 fps in adistance
of 20 feet.~ The stresses in a right cylindrical projectile (Fig. 5-2) for 106 g
exceed the computed ultimate strength of most materials at a distance of one

inch from the front face. Fromthe simple designnomograph (Fig. 5-3) an aero-

dynamic projectile approximated by a cylinder one inch long, velocity 40,000

'fps, material Al of 60,000 psi compressive strength gives a permissible ac-

4celeration of 620,000 g. The average acceleration is equal to *he maximum

acceleration divided by the perfbrmance factor. For a’ performance factor of

two*, the average acceleration is 310,000 g, and the length o gun required

(Fi?gi 5-4) is 82 ft. For a gun of 300 caliber length this woulc require a 3.3

<

inch diameter. Velocity-projectile length relations for alumir am projectiles

(FIS 5-3) indicate that extremely large guns would be requir :d for one inch

& N
:

Eyereie

”prOJéctiles at 40,000 fps. .

'I“he curves used above were found by Curtis (Ref. 4%; to be roughly
valid for approximate estimates of performance at the Ballisti::s Rangé of the
General Motors Defénse_ Research Laboratory. From this analysis three rules
were established:

1. TForgivensize and properties of the projectile, the minimum lineér
gun dimensions required are prqportional_ to the square of the launch velocify,‘
and the mass of the gun is proportional tothe sixth power of the launch ve-

locity.
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2. Forconstantlaunchvelocity the required linear gundimensions are
directly proportional to the length of projectile, and the gun mass is propor-

tional to the projectile length.

3. Forconstantgun sizethe length of projectile for successful launch
is inversely proportional to the square of thé launch velocity.

The upper limit of velocities for discreet undeformed projectiles in
March 19§7 (Ref. 46) was about 35,000 fps for an 0.05 gm projectile. Jet
spray velocities to 100 km/sec have been reported by Polish investigators
(Ref. 47). The personnel at UTIAS (Ref. 48) have 'developed' two types of ex-
piosion launchers.

The first has a driving c.hamber which is hemispherical in shape filled
withan explo.sive mixture ofgases such as diluted hydrogen and oxygen. The
mixture is ignited at the center of the flat face of the hemisphere and the re-
flected shock waves from the walls of the container glevelop a high pressure
at the ignition point, which is employed to accelerate a pro.jectile. |

A second method utilizes a high explosive liner inside the surface of
the chamber, the whole being ignited simultaneously over its surface. The
resulting explosion develops very high pressures at the center of the flat face
of the hemisphere. The firstmechanism (gaseous detonation) may be employed
to initiatethe second. The implosion of high explosives generated pressures
an order of maénitude higher than those developed by reflected shocké . The
more intense pressure is of short duration, however, and would place la’rger
acceleration loads on the projectile causing deformatién and fragmentation.

Erosion may also cause serious problems.

}
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CRATERING AND PENETRATION THEORIES

Herrmann and Jones (Ref. 49) published an excellent summary of data'
and theories onhypervelocity impact which had beendeveloped to1961. This
was updatedin 1963 (Ref. 50) but few new theoretical ideas were added. Much
of the following is taken from these summaries, althoughA in some cases the
original sources vwere also reviewed.

The existing theoretical analyses were categorized by Herrmann and
Jones into féur group-)s based upon the Vsimplifying assumptions involved:

| I. Rigidprojectiletheory in which the. projéctile is assumed tobe un-
deformed dufing penetration (low .velocities) .

‘% 11, Hydrodynamic theory, in which the brojec.:tile' is assumed to have

< ﬂz;erg_shear strength. The strength of the target is neglectéd or introduced-as

a correction factor.
III. Thermal penétration, in which the material is assumed to be re-
IV. Explosive analogy, in which the crater formed is assumed to be

identical to that formed by an equivalent mass of high explosive detonated at

 the surface of the target material. ‘

I. Rigid Projectile

These theories were developed primarily for the penétration of thin
tg.rgets and are not applicable to penetration of semi-infinite targets of either
metals or rock. Qualitative information from them is of interest, however.
Some propose that the projectile is slowed by fluid drag after which empiri-

cal armor penetration laws apply. Another assumed a similar drag force, with
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an additional static force proportional to Brinell hardness. Still another sug-
gested a model in .which the projectile is separated from the ricjid part of the |
target by a zone of'incompressible fluid composed of both projectile and tar-
get material, which flows ogtward, eroding the target and forming a créter.

{I. Hydrodynamic Theory

In coﬁjunction with their studies of shéped charge jet penetration, Birk-
hoff, et al., (Ref. 51) proposed that since the pressures on the target are so
much greater than target strength, shear forces can be neglected. The re-
sistance to penetration is thendueonlyto ihertial forces required to acqeleraté
the target material. Thus, the jet (projectile) and target are considered to be
inviscid fluids, and, hence, theorieS'bas_e'd on this assumption are termed
hydrodynamic (not to be confused with t.he hydrodynamic theory of shock waves) .

It is noted (Ref. 49) that Bjork (Ref. 52) has offered one of the more
complete solutions, in which he numerically integrated the two-dimensional
equation of flow for a compressible inviscid fluid, utilizing an entropic equa-
tion of state forthe materiél. Non-linear equations are involved, which could
not be solved by analytical methods. Opik (Ref. 53) obtained a simplifieci
solution, assuming that the projectile and target are incompressible, and are
inc¢luded as correct.ion for térget strength. For jets the theoretical develo\p—
ment is more s_imple if a fluid ‘jet or projectile-target condition-is assumed
and motion continues only while the jet impinges on the target. In this case
lateral expansion of the crater afterthe jet stops is neglected. Such theories
are only approximéte, and apbly only to jets or long slender rods, but are .use—

ful in estimating penetration by short projectiles.
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Bjork's theory (Ref. 52) utilizes an entropic equation of state relating
the internal energy, prgssure and specific volume, but neglects the strength
éf thé material. Conditions were for normal impactofa cylindrical projectile.
Equations of motion for fluid flow, together with initial conditions of zefo for

all parameters except projectile velocity, were solved numerically using a

space mesh for 25 x 25 cells (Figs. 5-5 and.5-6). Calculatedresults are ap-

proximately represented by'

1/3 '
h/d = kv (522
where d is taken as
, 173 .
d = (wr<L) o . : (5-3)
and
* k = constant
v = projectile ' ‘pact velocity
“* p = crater depth - penetration
= d = projectile diameter

L = projectile length
The quantity d is taken as the representative dimension of the projectile.
Opik's theory (Réf'. 53) makes allowance fortarget strength, considers
an incdmpressible projectile (L/d=1) of radius r, density_‘ppr, mass mp and
velocity v impacting‘a target of density ? The projectile shape after time
to is defined by penet;ation h and radius; éf the crater occupied by the pro- -

jectile, where

2mr3 = 27r2(h-h) o -
T, Pp = 2mrg(heh) o (5-4)
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where h is the depth of the center of gravity of deformed projectile below the
original target surface. The equation for momentum ié then

wh = - mrlp (5-5)
where ps is the pressure at the bottom of the crater whichresists penetration.

| Application of Bernoulli's theorem results in
= w) -6
P. 1/2 pth + k . (5=6)

where k is the minimum pressure at which penetration will occur. Likewise,

for radial expansion .
‘ ' pé = 1/2 Py r +k . (5-7)

p and p' are related by use of Bermoulli's equation in the coordinate system '

‘moving at a velocity U:
= n! -2 -
Pe =Pt /20 (5-8)

Since u represents unsteady flow this -represents only a roughapproximation.
Elimination of p from the above vields a differential equation.

Jet penetration from shaped charges (see Chapter VI) is of particular

~interest in this stpdy because of research that has been performed on rock.
Its possibilitie; for practical use have not been fully explored.

Spherical and cylindri'cal projectile behavior has been approximéted '
by jet theory. Because the jet pressure is several times the dynamic strength
of target and projectile material, shear resistance is negligible and materials
are regarded as incompressible fluids.

As a first approximation Birkhoff (Ref. 51) considers also that the flow
is steady withrespectto a coordinate system moving with the jet-target inter-

face at a velocity v.



PR S

Rostoker (Ref. 54) added a factor for target strength k,
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The stagnation pressure, by Bernoulli's equation is

P=1/2 o, v =1/2 5 (vi-v)? (5-9)
where
P = stagnation pressure ‘
P = target density
pl') = projectile density
v, = velocity of interface
vj = jet velocity

1/2 o vZ +k=1/2p (v,-v,)? (5-10)
t p ~j i

and Eichelberger (Ref. 55) utilizes ‘ .

UL e 2 -
k = 1/2 AN (5-11)

where v, is the minimum or threshold velocity for cratering to begin. Initial
theorétical developments assumed that the velocity of the jet from a conical
linerwas constantand is of interest because of the basic mechanics involved.
For constant velocity v, density pp and length L, most of the penetration h is

assumed to occur as a result of steady motion, so, approximately the penetra-

tion is simply .
1

h = f vdt (5-12)

o}

there t; is the time from initial impact, i.e.,

£ = 2L (5-13)
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From these equations

ip. [ (_2) (1 ) fﬂ)]
1 p v 0
B_[Pp )1- L_ t (5-14)
L P o /o
=2

tv_

p
h ‘f -2 (5-15)
L pt . .

Another hypothesis by Pack, et al., (Ref. 56) utilized the dynamic yield

strength Y to give .

p . alY
%= = (5-16)
Pe o v2
P

where «; is an empirical function of the material densities, the correction

term being about 0.3 for armor. This last formula does notaccount for lateral

expansion, so another term was added:

a.Y
b2 (i ).
L p

(5-17)

[l 15

: 2
t oV
p

Cook (Ref. 3) estimated the radius of the hole by assuming that the impulse

received by the target is utilized in lateral expansion, and proposed the formula

s o Y24 2 - 22 2
5 pp(vj vi) I, At (1/2 o rotk)Treit (5-18)
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where

T, radius of jet

J

rc = radius of crater

The final cross-sectional is found for ;'c =0, or

5 _
r=rt, (vj —vi) 5% : (5-19)

and elimination of v; from the above equation gives the radius of the hole.

Thermal Penetration

When this mechanism is assumed to dominate, penetration is accom-
plished by melting or vaporization of the target as the kinetic energy of the
projéctile is changed to heat.

Whipple (Ref. 57) assumes that the crater is a right circular cone of

.apex angle 60° and fixes the depth of penetration as

9n \1/3 [v.2 \ 1/3

h=| =2 3 . (5-20)

21rpt Qt

where Q: is the latent heat of fusion.
Langton's (Ref. 58) theory is similar. It is assumed that if both the
target and projectile melt for a hemispherical crater the penetration is
1/3 (4.2 Q 1/3

p
£ 4 _2E (5-21)

e Pe Q Q

ml:
]
oo |

Explosive Analogy
This theory, proposed by several investigators, stipulates that the

crater formation by high velocity impact is similar to crater formation by high

;
explosives. .The theory appears to apply to some materials.

P
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Empirical Relations

Several empirical relations have been proposed in place of inadequate

theories. Many of these take the form:

h = (kfnp)x(vp)y. : (5-22)
wherg
my = projectile mass
vp = projectile velocity

Some of these apply ohly tb low velocity armor penetration, while others have
been applied at higher velécities .

A list ofa nurélber of the empirical formulas which have been fo_und to
fit data for given materials is summarized in; Ref. 49.

Penetration - General

Herrmann and Jones (Ref. 49) give a fairly complete qualitative descrip-
tioin of the phenomena occurring inhypervelocity impact as well as a critique
of the various formulas. |

Photo-gra'p'};ic and other types of ob,servétion indicate that at first im-
‘pact the conditions may be estimated by one—dimensionél shock theory.

Hugoniot conditions govern shock wave phenomena into the target and
back into the projectile. Acoustic approximations lead to large errors. A
critical velocity exists when projectile velocity exceeds the velocity of the
shoqk back into the projectile, which is a function of densities and compres-

sibilities of the materials.
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At low velocities the impact pressure is of the same order as the dy-
namic yield strength of the target and in this regime penetration is strongly
influenced by the relative material strengths and brittleness.

Thus, three regions are commonly defined: 1) a low velocity region
where the projectile suffers only minor deformation, 2) a transition region,
and 3) a high vélocity or fluid impact region. Penetration is nearly propor-
tional tothe 4/3 power of the velocity in the low region aﬁd to the '2/3 power
in the high velocity region. Most dapa available for thick or infinite targets
are in the transition région and below.

When impact occurs in the latter region, a fine spray of material is

. forced out of the crater in ductile materials. ‘Solution of the flow, shock and

state. e‘quati‘ons for an inviscid fluid show shock and rarefaction systems simi-

G e

lar to those observed by photography.
.. Relative shock velocities affect depth of penetration. If the shock in

'c"hq_?g_xjojectile is carried below the surface, greater penetration is expected.

However, if the projectile shbck proceeds above the target surface, a wider
shallow crater may occur. Brittle targets tend to fracture around the lip due
to elastic springback.

Material subjected to intense transient pressure may be heatedabove
the melting point and some ofiteasily ejected fromthe crater. Some materials
show signs of recrystallization after melting. Severe plastic deformatioqs
and. shock twinning are also evident.

Ofthe various hydrodynamic theories Herfmann énd Jones (Ref. 49) dis-
cuss only Bjork'ls and Opik's in relation to the available hypervelocity pene-

tration data. Bjork's numerical solutions based on fluid dynamics are (1961)

o

-
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for only tWo metallic combinéﬁons, Al in Al and Fe in Fe. Soluti;)ns contain
no adjustable constants, material property constants being evaluated by mea-
surements. The aésumption that material strength is negligible ﬁakes the
theory applicable only at high velocities. Herrmann and Jones plotted all data
based on an "equivalent sphere," |

d, = [3/2d2L ]

Forlowvelocities, values for Al and steel targets fall in Bjork's curve,

1/3

but other alloys fall below. The experimental points also indicate a steeper

y 173,

slope than (v No data are avail;-xble to check'agreement at higher veloci-
tiés. Opik's theory contains an adjusfable constant for threshold veipéity, :
but agreement between hig theory and experimental results is ,rather poor.

The firstorder pepetration theory for shaped charge jet theory appears
to apply only at high velocities, but no other correlations were plotted or post-
ulated by Herrmann and‘ Jones. )

~Of the thermal pvenetration theories, Whipple's ‘theory overestimates
the penetration in metals', i.angton's. underéstimates it and Grow's theory
grossly overestimates penetration at all but lower velocitieé . None of these
theories take mechanicél properties into account.

Projectile sfrength appears to have little e‘ffecl:t on penetration above
the tfansition region, where density is a dominant factor. On the otherhand,
Herrmann and Jones (Ref. 49) state thét there is strong evidence to indicate
that penetration depends» upor; target strength overthe entire range covered by

data available in 1961 for velocities up to 4.7 km/sec. More recent data on

metals appear to be largely forthin targets. The diameter of the crater varies
i ' .
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with different materials, the ratio h/dc increaéing with increase in velocity
for copper and lead to. a value of 0.5. For Al, Mg and nylon projectiles the
upper asymptotic value is about0.4. Fortungsten carbide thé ratio increases
in an anomalous mannerto 2.0 for copper targetat 3000 ft/sec and decreases
to 0.8;to 1.2 for steel 1020 targetat 3060 ft/sec and thendecreases to 0.9;
and 2.3 for a lead targét at 1500 ft/sec anddecreases tq 0.5 forhigher veloc-
ities.

IMPACT EXPERIMENTS - METALS

There has been a large number of experiments performed in efforts to
obtain very high velocity projectiles on a .variety of targets, primarily alumi-
num. Selected results are giveri from those projects which appeared to have

information that would shed some light on the effects of impact of projectiles

on rock.

RS A

Marnell, et al.

LowEy
pEL N

‘ Marnell, et al., (Ref. 59) have classified the nonviscous theories of
benetratioh in which strength is ignoredas being (1) hydrodynamic, and (2) ex-
plosive shock; The principles utilized in these ‘developménts are based upon
fluid dynamic formulas WhiCh are .employed to describe the flow field , upon
which-are imposed selected criteria to limit the_final dimensions of the crater.'
While strength may be iénored in the flow process, it is often a boundary con-
dition used tp stop the flow process. Undér such assumed processe»s the theory

as well as the non-unique boundary co‘ndition may yielda wide variety of re-

sults.
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The hydrodynamic approach utilizes Eulerian equations of compress-
ible, inviscid adiabatic flow for continuity, momentum and eneréy. The con-
figuration is that ofa right circular cylinder impacting a semi-infinite medium
of the same material. Analytical solutions have not been obtained, so finite
difference methods are employed for machine computation.

In Bjork's method (Ref. 60) the limit of the crater is the distance at
which a pressure pulse occurs of negligible velocity a;nd pressure. Calcu-
lated results are pfesented in pictographic form, and give for bofh ironband

aluminum the following:

' h/d = kv0:32 (5-23)

which implies that the crater volume is proportional to the momentum-of the

projectile.
Walsh (Ref. 34) onthe otherhand, while employing the same computa-

tional scheme, assumes two scaled impacts of equal potential energy, and

that the final crater radii are equal. This results, adjusting for "late stage

g

equivalence" in . ' : .
h/d = kv0:62 (5-24)

The exponentis independentof the material properties, but the constant k de-

pends upon the strength and thermodynamic propert.ies of the target.

Exblosive shock studies are based upon an aﬁalﬁzsis of a spherical
shock in a gaseous medium by Taylor (Ref. 61). He igﬁores conditions at the
instént of the explosion, and assumes a finite amount of enérgy is generated
at a point. Forlarge pressures the same h‘ydro-dynamic equations employevd by ‘

Bjork apply, subject to shock conditions, for an ideal gas atconstant specific
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heat. The results show that the spatial distribution of the flow-field is in-
dependent of time if all radii are écaled to the shock radius.

Ray and Kirchner (Ref. 62) similarly assume a .point source of energy
on the surface of a semi~-infinite mass. Taylor's s6lution is modified to 'ac—
COU:nt for density changes at the shock front, energy cbnservation being the
dominating proceés, and momentum is not cpnserved., Their analysis like-

wise leads to
h/d = kv 2/3 - - (5-25)

_ where the constant k depends upon target and projectile propefties .
Davids (Ref. 63) employs a model of two moving surfaces, the shock'

{ront and the expanding cratef. From his analysis there results

PRSI PR A

h/d = kv 2/5 (5-26)
a4

where k is independent of target strength.

In his critique, Marnell (Ref. 59) states that "Bjork uses a-nostréngth
criterion. His flow-field calculations may have a bounded stability. Walsh
assiimes late stage flow-field equivalence and calculates relative penetra-
tions. ‘The procedures are certainly different; both are open to question..."
Marnell (Ref. 59)‘employs> a different approach. He assumes (1) one-dimen-
sional flow-field, (2) negligible strength in flow, but strength criferia for
crater limit, (3) flox& is inviscid and adiabatic, with viscosity and heat trans-
port in the shock front, and (4) the adiabatic pressure density relationship
is' p “Y = constant. Lagrangian éoordinates are u_séd to express flow and shock
equations. For appropfiate initial and boundary condition; separation of vari-

ables, operational or similarity methods of solution are not applicable and a
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series expansion'method is employed for solution. The tentative criterion for
crater depth is the position of the shock front when the pressure drops below

the dynamic vield stress, values of which are yet to be determined. The flow-

fields determined by this method are non-similar, and it is believed that vé
spherical geometry will yield more meaningful results.
Riney

Riney (Ref. 64) proposed a viscoplastic model which accounts for in-
ertial, viscous and plastic effects, by introducing viscosity and dynamic
S/ield stress intothe ideal fluid eéuations. 'Seve‘rall dimensionless parameters
‘vs'/’ere found which affect the relative importance of properties atvarious stages
inthe cratering process. The inertial effect is important during early stag”e—;,
while target strength is déﬁinant in the final stages of crater formation.

The viscous effectis large nearthe contact interface immediately after
impact. While its magnitude decreases as the strain-rate gradient decreases,
it may be important throughout the whole process. Riney also indicates that
visc‘osity also introduces anisotropic stresses‘vv«hich are essential to the
strength effect. Theé assumption of viscosity results in large initial pressure
and deformati;)n, the ;Nidth of the pressure profile 'is increased.

The shape and size of the final crater, acﬁcordiﬁg to this model, are
determined by (a) the shape and amplitude of the pressure wave established
during the first five or ten microseconds, (b) fche resistance of the target to

flo&v, and (c) the continuation of flow until the préssure decreases below the

intrinsic yield strength of the target material.
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In turn it is proposed by Riney that the shape and amplitude of the
pressure wave (;1) are strongly dependent on viscosity, (b) the resistance of
the target to flow depends onthe viscosity and to alesser extenton the yield
strength, and (c) the yield strength factor controls the instant when flow
ceases.

Wall (Ref. 655'points out that when a projectile impacts a massive tar-
get at greater than "critical fracture" velocity, it breaks up or "shatters."
' For some materials this consists of ex£ensive fracture, in others deformation
without rupture. He also recognizes the low épeed, transition and high speed
regimes‘, but his analysis applies to the low speed and transition regimes.

One critical velocity is that atwhich thé impact induced stresses ex-
ceed the strength of the proj ectile material and suggests the following form
of equation:

-9

H
vs=p—01;—(1+§%> (5-27)
N t“t PP .
where
v, = critical velocity
qp = ultimate strength of projectile
H = projectile shape factor
Pe = density of target
pp = density of projectile‘
c, = velocity of sound in target
c_ = velocity of sound in projectile
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Wall postulates three regimes, a low-speed, a transition and a high~-
speedregime, and that brittle fracture may occur in any of them depending up-
on material broperties. His mathematical theory_ is based upon average
velocity-density terms, Newton's law, shock parameters and certain material -
properties. Adifferent law is applied to each regime, theboundaries between
regimes depending upon the properties of the projectile and the target. The
equations used fbr low—spéed and high—speed are similar.

Wall (Ref. 65) concludes that:

1) Penetration depth increases approximétely linearly with projectile
density, length and impact velocity. |

2) Depth increases V\;ith strquth (hardness) of target matqg;al.

3) Depth is inversely proportibnal to effective target density and

sound speed.

4) Projectile shatter velocity varies linearly with-projectilé strength.

Hopkins and Kolsky

In an earlier (1960) consideration of the mechanics of hyperv;alocity
irhpact Hopkins and Kolsky (Ref. 66) noted that the unsteady motion p-roduc'ec'i
involves a complex combinétion of different physical regimes characterized
by elastic and plastic deformation, incompressible and compressibie flow,
and explosion conditions at ﬁigh velocities. This imposes a severe compro-
mise on the representation ofreal processes by mathematically tractable theo-
ry, and only a limited degree of accuracy is possible.' Hopkinspn's law of

scaling of explosions is suggested as having a possible limited application.
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Hopkins and Kolsky also eriﬁmerate five sets of physical properties
of importance: (1) elastic behavior, (2) plastic.- behavior, (3) density, (4) vaz;;
iable compressibility,.and (5) thermal properties.

They a_lso propose five regimes in which these properties tend to be
dominant.

Regime A.— elastic. * At low Veloc-ities with stresses 4below the vyield
poiht these will be elastic rebound orthe problem will bé of Hertzian charac-
ter. Three or more types of glastic waveé will be generated in the half space
(tafget) .

Not mentioned by Hopkins and. Kolsky is the elastic region that will
existrat higher velocities where the stress wavés generated in the target be-
yond the crva‘ter will be lower.than the yield stress.

<+ - Regime B - plastic. At hiQher velocities where the stress in the pro-
jection target is beyond the yield point plastic deformation will océur. As
the yelocity is increased progressively more energy will be expended inplas-
tic work. In brittle targets the deformation will take place as the resuit of
fracture due to tensile stresises rather than flow due to shear stresses.

Regime C ~ hydrodynamic. At progressively higher velocities the
stresses are very much beyond the -yield poiﬁt and the target and/or projec-
tile may act as a fluid. This phenomena may bécur over a wide range of ve-
lcl).cities .

Regime D - sonic impéct. As the velocify of impact approaches the
velocity of dilatation waves inthe target, the stress waves in the target - travel
only a short distance dﬁring impact and such stresses play an important role

in the behaviox;i_'of the impact region.
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In brittle materials impact at or near sonic velocity is ofinterest be-
cause the maximum velocity of crack propagation' is about on'e—half of the ve-
locity of dilatation waves. Hence, when penetration velocities are equal to
or greater than the dilatation velocity, the hoop (tangential) tensions which
cause radi.él cracks cannot travel far before thé projectile passes and the stress
is relieved. Hopkins and K_olsky illusfrate this phenomena with a bloék of

plastic penetrated by a jet from a shaped chéfge at 6000 m/sec. Inthe upper

part of the crater, penetrated.by the‘high velocity portion of the jet damage
was localized. In the lower part of the crater méde by the slower portion of
tfle jet extensive cracks were caused. Slabbing may also be gen_era:ced by
compressive waves reflected from free surfaces as tensile waves where thé
material is weak in tension,

Regime E - explosive impact. At supersonic velocities the volume of
the target affected is comparable with the projectile volume._m The kinetic
energ? of the proj ecti.le is sufficient to melt or vaporize both the projectile
and a small volume of the target because the energy cahnot be dissipated
~ otherwise, For example, a steel projectile with a velocity of 104 m/sec has
a kinetic energy of 2 x 104-cal/g, which is teﬁ times the energy needed to
vaporize the projectile,

Hépkins and Kolsky e‘stimated the transitional velocities for several

metals for the above regimes.' (Table 5-1).
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TABLE 5-1

'TRANSITIONAL VELOCITIES (m/sec)

Steel Duralumin Aluminum Copper Lead.

v 46 65 13 8 2
v1 360 430 . 190 130 40
V1 4600 5300 5300 3750 2100

.. The velocity v; is calculated on the plausible assumption’ that the
specific mechanical impedance of the targét 1s pC1, where cl_is‘the
dilatational velocity [(k + % G) /p]%, and then vy = Y(co + cl)/pcocl,
‘where c_ = (E/p)J"; vy = (Y/p)%' and v3 (k/o)%-

'R;agime (a): o <v <vy; Regime (b): V1<V <Vy;

ﬁézgime (F:): vy <V < V; Reéimé (d): vy < v < 3vg (approx.);

Regime (e): v > 3v3 (approx.).
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IMPACT DATA-METAL TARGETS

Selected data from the compilation by Herrmann and Jones (Ref. 49)

were plotted for various types of projectiles and targets.

Data for several types of aluminum targets were employed (Fig. 5-7).

Some selected properties are:

Aluminum 1100F 2014 20248 24ST 2024T3 2024T4
Density 2.79  2.79 2.80 © 2.77 2.68 2.77
Bulk Velocity 6.14 6.22 6.24 6..25 5.84 6. 71
(km/sec)

Brinell e 135 110 114 126 120
Hardness

Yield —-_—— 2952 3304 —_—— 3515 2881
Strength

kg/cm?

Typical projectile properties are:

=
g =] 3
o | v o g o e
=] oo - = el 0 )
-~ n 0 (] o~ — fe] o ) %o
(= 60 M~ o} o =} V] o = [~ U o
= F2 F 4 £° 8 % 4 § &8
J J > i 4] - ]
< = Q - = w0 = a = [=¥]

Density 2.79 14.96 8.90 11.2 18.69 7.77 1.33 3.24 1.74 2.64

Bulk 5.84 6.72 4.42 2.0 3.13 6.25 =—== —=—== 5.52 ===
Velocity
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The penetration (Fig. 5-7) for tungsten carbide projectilgs was great-
est, which is probably partially accounted for by both its hardness 'and den-
sity. The penetration for uranium was approximately the same, but for a dif-
ferent type of éluminum target. The hardness and yield strength of Al 1100F
are not given, but it appears to be softer and weaker than 2024 T-4. The a-
bility to penetrate varies as some increasirig function of the projectile densi-
ty. At the right side of the graph is shown the theoretical penetration for
shaped charge jets based upon the first order law, i.e., |

h/d = Vo 7o ' (5-28)
‘for density ratios from about 0.95 to 9.0. It is noteworthy that all of the
curvés trend in genex;al toward the shaded area for the density law pénetra—
tion. The latter is known to apply only at very high velocities with an ad-
ditional correction for target strength. |

For lead targets (Fig. 5-8) the curves are less steep'and with the ex-
ception of brass and copper projectiles. Tu.ng:sten carbifie again shows the
highest penetration. The trend for higher velocities appears to be a'boyo the .
theoretical shapedcharge penetration zone. This may be partially due to the
low vield strength of lead which is about 82 kg/cm?2.

For steel and beryllium copper targets (Figs. 5-9 and 5-10) the trend
is somewhat similar; with lead projectiles exhibiting an anomalous behavior
at low velocities.

Finally, a comparison was made of the effect of nylon projectiles on
lead, aluminum and beryllium copper targets (Fig. 5-11). For the relatively

low velocities involved the effect of the low strength of lead is apparent.
IS
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Fig. 5-9. Penetration of steel targets.
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Other Investigétors

benardo, et al., (Ref. 67) performed experiments witl'; 1/16,1/8, 1/4
and 1/2 inch A12017-T4 spheres on 2024-T4 and 1100-0 aluminum targets to
determine diameter effects for velocities up to 28,000 ft/sec. Thehyperveloc-
ity regime of impact was about 13,800 ft/sec. Dimensionless penetration
p/d varied as pfojectile .diameter to the 1/18th power. Momentum transfer
from projecfile to target was higher fér the hardef (2024-T4) aluminum.

Kinslow (Ref. 68) observed the effects of hypervelocity particles upon
transparent lucite targets by Lexan proj ectiles. At h.igh velocities the projec-
tilé embedded itself slightly and then appears to explode. A shock wave is
formed accompanied by crushing and melting. The shock decays intoan elas-
tic pulse and needle-like fractures are fo?med. The melt solidifies énd con-
tracts producing radial tension fractures. Reflected waves may al'éo cause
subsequent fractures.

Because of the explésion—like phenomena 'it was found that the effects
could be simulated by exploding No. 8 blasting caps on the surface of the
plastic.

In studies of penetratibn of semi-infinite targets by rods,Christman,
et al., (Ref. 69) found that target strength had a significant effect inthe pene-
tration '_cransiti‘on region. Crater volumes are notdependent on length/diameter
ratios. The crater volume creating efficiency of rods is greater for rods with
l/d.ratios of 3 than for spheres, and crater volume is nof proportional to ki;
netic energy. Target strength influences cyate.ring up 'to Velécities of 15.7

km/sec, and may not be negligible at higher velocities.
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Holloway (Ref. 70) reports that in hypervelocity studies on wax that
for impact velocities of 4 km/sec craters reached a maximum depth at about
200 per second and then rebounded to 60 percent of their maximum depth.

| Dignam and Rockowitz (Ref. 71)used acoustic impedance as a corre-
lating parameter and found that in oxygen free copper several definite types
of projectiles showed that penetration efficiency and cratering efficiency did
not increase continuously with ihcreasing projectile acoustical impedance.

Palmer and Turner (Ref. 72) established-an energy balance equation .

for the cratering process:

Ek = En + ES + Er + Eé (5-29)
where
Ek = projectile kinetic energy -
En = heat of defomatj.on, shock heating, and sound
ES = thermal and kinetic energy of spray material
Er = recrystallization and strain energy
_ Ee = lost energy

Techniques were devised to measure these types of energy for chrome-steel
balls and lead targets, which are plotted in Fig. 5-12. At low velocities all
of the energy goes intorecrystallization, the amount going into spray increases
as the velocity increases. Above 3.4 km/sec researchresults predicted that
the partitioniﬁg remains essentially constant. Other empirical relatio.ns were

derived.
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Walsh and Johnson (Ref. 73) used numerical methods (SHELL code) to
integrate hydrodynamic flow equations. Fof thick targets they reached the
following conclu'siéns:

(1) Craterdimensions increase as the impact velocity tothe 0.58 power
for velocities greater than twice target sound velocity.

(2) Above five times target sound velocity for projectile-target density
at constant mass does not change target effects.

(3) Spherical and cylindrical (1/d ratio of one) are equivalent in ef-
fect except at early times. Larger ratios as large as three haye no effect for
velocities five times target sound or greater.

(4) Crater size is limited by target strength even at high velocities. .

(5) The ratio of the total impadt of the target to the momentum of the
projectile varies as the impact velocity to the 0.74 power.

Using the PICKWICK code Reney and Heyda (Ref. 74) came to the con-
clusion that the depth of penetration for simiiar metals varies with the impact
vélocity to the 2/3 power.

Impact flash was employed by Rosen and Sully (Ref. 75) to determine’

" the mass, temperature and velocity of projectiles. Colorof the flash depended

only slightly on projéctile mass. Correlations were found between peak flash,
velocity and depth of penetration.

Dietrich, et al., . (Ref. 76) as'sume that a critical velocity exists at
which the lattice structure ofa metal ié destroyed and the lattice rupture ve-

locity is expressed by

1

nfn? : . -
v = 'p—' (5-30)

~
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where
p = density
o'm = rupture stresé
ey = rupture strain
¢ = dynamic elastic energy

' -1/3
For a.simplified model the quantity (cmem-cp) / is taken as a materi-

al parameter used ina penetration law in place of an empirically determined

constant.

Gehring, et al., (Ref. 77) utilizes a pﬁenomenological model for crater
f-.ormation', divided into four regimes: (1) initial transient including flash,
(2) pfimary’ penetration, due to direct action of projectile, (3) cavitation dur-
inc_i (.‘c'i'gacrease in pressure, and (4) recovery regime 'inéluding spallation and
presﬂsvure recovery (Fig. 5-13). Shock preésure‘, momentum transfer and c.rat‘er
grow_.‘_tﬁh‘ measurements were made and some correlations obtained with materi-
»al ﬂp'ro_perties .

From tests conducted with steel projectiles onaluminum and lead tar-
gets, Sorensen (Ref. 78) concluded that the‘normalized crater volumé data rﬁay
be correlated by an equation involving only the density of the projectile, and
the density and static shear strength of the farget. Veldcities- ranged up to
7 km/sec. |

This conclusion does nof agre'e‘_ with analysis of a wide range of.data
for a larger number of materials by other investigators.

Among brittle materials that have been tested, beryllium and graphite

were impacted with sfnall spheres at 25,000 fps (Ref. 7-9) . Cracking damage
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occurred as well as cratering. Secondary cracking and spall damage was

. caused by amplification and reinforcement of stress waves. Crater depths in

beryllium agree w.ith common criteria law, but those ingraphite were only one-
half of that expected.

In an examination of t;hr’eshold penetration of seyeral metals by alurﬁi—
num spheres, Fish and Summers (Ref. 80) found that no single property could

explain the relative performance of the metals.

DIMENSIONAL ANALYSIS

Bouma and Burkitt (Ref. 81) made a multivariable sta‘gistical analysis
of existing dat;'i on penetratidn of semi-infinite met_allic‘targets by projectiles
of-different materials. Data were not part-of planned statistical programs,
i.e.-effects of eachdimensionless variabl~e and‘pertinent random errors could
not be- estimated as accuratelyv as in a planned statistiqal experiment. Thus,
regré"fé'sion.and correlation methods were employed in the analysis.

- #%: The analysis was plarined (in a thfee year progrlarm) to deduce from a
statistical analysis of crater depth data for spherical projectiles on  se'mi—l
infinite targets which matérial properties are most closely related to cr.ater
depth. It was believed that none of the common low temperature, low pres-
sure static properties play a direct part in cratering processes, but some of
th.em would be found to be statistically related.

Veiocity' 'effects were fche most difficult, but were solved by fitting all

data to the functional form:

Z(%) = fn -[1 + (xV)Z] | (5-31)
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where Z(%) is a dimensionless crater depth, being the product of several di-
mensionless coefficients of material properties raised to a pcwer. The term
X(v) is a dimensionless velocity, aléo containing the product of different powers
of several dimensionless matérial property ratios (see below). Both X and Z
aré calculated with a coefficient of multiple cofrelation 0.84, which amounts
~toan accuracy of ¥ 25% ip this analysis. No high temperature, high pressure
property data were employed, s_ince all propérties must reflect differences in
crystalline or atomic structure.

Multivariable analysis was made of data available to 1965 (Fig. 5-14). ‘
The best functional form was found to be that of equation (5-31). The degree
of'correlation‘that was achieved is given in Fig. 5-15, and the measured
values of X and Z tabulated in Table 5-3.

Inasmuch as the effects of variations in impact velocity are given in
equation (5-32) values of X and Zshow only the influence of actual properties
of materials tested as target and projectiles. The ex‘pefimental value_-::,w‘cf X
and Z were 'analyzed by separate regression routines in terms of power laws
for the materials given in Table 5-3.

A preliminary evaluation was made to détermine the relevance of the
material propcrties, and those which were statistically correlated or strongly
related to other properties were eliminated. For example, Poisson's ratio ap-
- peared to be a strong variable, but was eliminated because' of its relatioﬂ to
" other elastic moduli and because of the small range of values, i.e., from

0.30 to 0.45 with the majority at 0.33. The remaining properties were then"
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TABLE -5-2

LIST OF SYMBOLS

Experimental Variables

B 10_2 X Brinell hardness on 500—kg-scéle kg/mmz)
c Mean specific heat of solid, 300°K to ﬁelting point (cal/gm°C)
C Dilatational velocity of sound (km/sec)
. E '
€2 =9.90 i (1+S'—\2)1-2v),
d Projectile diameter (cm)
D Crater diameter (cm)
E : 10_‘6 x Young's modulus (kg/cmz)
£ shape factor {0 2 e e etile nor narder than the tatget, £e1.0
F iO—z x latent heat of fusion (cal/gm)
h Crater depth (cm)
H 10“3 x heat to vaporize =~ sensible heats above 300°K plus latent heats
(cal/gm)
H' 10_3 x latent heat of vaporization (cal/gm)
k Thermal conductivity at 20°C (cal/cm sec®C) ‘
K 10—6 x bulk modulu§ (kg/cmz) = 3?%:53)
K' lO_6 x dilatational modulus (kg/cmz) = (L+€§12;22v)
m Projectiie mass (gm)
Q 10_2 X heat to melt - sensibie heat above 300°K plus latent heat of
fusion (cal/gm)
U lO_3 X ultimate strength (kg/cmz)

v Projectile velocity at impact (km/sec)



TABLE 5-3

VALUES OF PARAMETERS X AND Z

Measured Values

Calculated Values

137

Symbol Projectile Target X Z Eq 6-32) Eq (6-33)
X v/
+ 2024T3 2024T4 .80 1.85 .67 1.63
X Cu 202414 1.50- 1.20 1.66 1.34
o Pb 2024T4 2.00 1.60 1.68 1.19
% Stl 202414 2.00 1.70 1.70 1.42
O HPAL HPAL 1.35  1.65 1.19 1.37
N HPCu HPAL 2.60 1.00 3.50 1.62
VA 2024T3 BeCu .40  2.05 .42 2.93
< 2024T3 °~  BeCu . .28 1.40 .39 1.88
= 2024T3 Cu 1.30  3.00 1.27 2.86
4 HPAL HPCu 1.10 2.40 1.19 1.91
o HPCu HPCu 1.70  1.50 1.96 1.59
T Cu(B65) Cu(B36) ~ .65 2.01 3.28 2.27
) o} Cu(B65) Cu(B65) 2.10  1.90 1.78 1.67
) Pb Cu(B65) 2.00 1.30 1.80 1.56
a Stl Cu(B65) 3.10  2.20 3.25 2.38
X . 2024T3 Pb 4.60 3.10 4.84 2.99
Y Cu(B65) Pb 12.50 2.40 12.05 2.47
e Pb Pb 5.00 1.50 6.84 1.62
o Stl Pb 14.00 2.40 12.37 2.63
v} 2024T3 Stl .78  3.00 .75 2.61
v 2024T3 Stl (1030) .46 2.00 .46- 2.03
O Cu Stl (1015) 1.10 1.50 1.05 1.51
P Pb Stl 1.35 1.80 1.05 1.43
o Stl Stl 1.20 1.80 1.07 1.58
[y 2017T4 2024T4 .74 1.74 .72 1.60
3 Zn 2024T4 11.50 2.90 12.02 3.21
a, Zn Cu(B65) 2.00 1.85 1.77 2.20
5 Zn Pb 11.50  2.90 12.02 3.21
g Zn Stl (1015) 1.10 2.00 1.04 1.98
o Zn Zn 1.55 2.00 1.24 1.65
© 2024T3 Zn .92 2.80 .89 2.47
= Cu(B65) Zn 2.50 2.20 2.22 1.70
© Pb Zn - .90 .45 1.26 .76
” Stl Zn 3.00 2.40 2.28 1.80
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grouped in dimensionless ratios forfinal statistical analysis. The parameter
X was given dimensions of inverse time so that Xv would be dimensionless,
h/d already being dimensionless. The dimensionless qualities used and the

resulting equations are:

~0.185 ~-0,36 0,073 0.149
Z=1.1
3l~(Qp/Qt) (op/pt) 4 (Et/Bt) (Ep/Et)
(5~32)
0.132
: -0,053 ¢=0.755
»(Yt/Bt) Ep £
Coefficient of multiple correlation = 0. 842 .
0.50 0.472 0.406 0,130
X = 0.479 (o _/E.)) . /po.) (E/B) - (B_/B.) .
t't Pt . pT P pt (5-33)
'Y 0.253 0,216 . —1,ub
( t/Bt) €, £

Coefficient of multiple éorrelation =0.956.

The méasured values of X and Z were tabulated from appropriate plots
which were assumed to be the best correlations obtainable. Some brief sets
of data were expaﬁded to checkon the prédictive ability of fhe method ofaﬁ—
alysis. The values of X and Zwere meaéuréd for these d;ata (Tablé 5-3). Raw
dat'a are shown in f‘ig .5-14, general corrélétion in Fig. 5-15and selecteél corre-
lations withranges ofapplication forthe power law (Fig. 5-16). Thelatter de-
picts data for aluminum projectiles () and copper projectiles ( )\ }as well
as other selected sets of data. The lines of slope 4/3, 2/3 and 1/3 fit the
data over a fairly wide range. The mainfeature is that thedata appears to be

wellrepresented by a curve overthe whole range and not by segments ofgiven

slopes., ¢
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When written in dimensionless form it becomes

s 0,500 0,253 0,472 0.406
Xv = 0.479 (ptv /Et) (Yt/Bt) (op/Bt) \EP/BP)

(5-34)

0,130 0.216  —=1,4b
(Bp/Bt) e, - f

which vthe author (Ref. 76) characterizes és a "compromise between accuracy
and complexity." 'The ratios of (Et/Bt) and (p+Qt/Et) were discarded because
they had only a minor effect.

The dominant properties are the Brinell hardriess, Your}g's modulus,
density, velocity, ductility of tﬁe target and a projeci:ile shape factor. Den-
sj.ty is one of the more effective parameters, as well as velocity. Young's
modulus and Brinell hardness are effective, or b'asié atomic or structural pro-

perties of the material which they represent.

IMPACT EXPERIMENTS - ROCK

A détailed descripfion of craters formed in several types of roqk by
hypé:yelocity projectiles is given by Moore and Lugn (Ref. 82). Basalt, sand-
sAtomr;-e, dolomite and nephrite were impactéd with project‘i_les (from a light gas
gun) of steel, aluminum, }pyfex, polyethylene and other materials weighing
0.02 to 0.4 gm at Veloc;ities frozﬂ 14,000 to 23,900 fps. -Abdut 29 craters

were examined in detail and were found to be roughly conical with crushed

and intensely fracturedrock at the bottoms. The ejecta from the craters were

made up of projectile ffagments and pieces ofrock from afew microns to sev-

eral centimeters in dimensions.
Typical craters were shallow cones from 0.6 to 2.4 cm deep and 4 to

12 cm across. I}‘he rims of the craters were irregular and the lower sections
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more symmetrical, but with irregularities. Crushed rock and (1) shear frac-

.tures, (2) radial fractures, (3) spall fractures and (4) concentric fractures

were formed.

Crushedrock was found in the bottoms ofall craters, individual grains

being broken, displaced or pulverized. Microscopic fractures spread and de-
crease into the rock. Pore spaces are closed in sandstones, and in dense

rocks unbroken polyhedra are enclosed in a matrix of crushed rock.

Shear fractures are formed in some craters, and are identified by

grooves and striae. Surfaces may be pyramid or cone shaped. Shear frac-

~tures in basalt are marked by intensely pulverized rock with weak grooves.

Shear failure may be due to difference in principal stresses in plastic flow.

Radial fractures are tensile breaks radiating from the crater axis and
nearly perpendicularto the impact surface. In dense rocks the fractures may
project beyond the crater, but not in porous rocks.

Spall fractures are iensile in character, formed by reflected rar_efac—

E53

tion waves from free surfaces. Fragments are spalled from the surface in

larger fragments which may be fitted back into place, and constitute about

half of the crater ejecta.

Concentric fractures are present about the rims of some craters, and

extend only a fraction of a millimeter below the rock surface.
High speed photography indicates that luminescence is generated at
the moment of impact, and as the projectile penetrates a bowl-shaped spray

of ejecta grows rapidly with a speed comparable to thatof the projectile. The

Bad

s
=2
I
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base of the ejecta expands into a dome which exhibits ifreéularities which may
be related to the lérge spall fragments, the outermost of which are sometimes
" not ejected from thé crater.

Penetration is postulated to be by meéns of plastic flow, crushing and
shearing, under hydrodynamic conditions. Tensile fractufes are formed later
and spalling subsequent to reflection of waves. Many of the features de-
scribed are also present in craters created by high explosives.

Gault and Heitowit (Ref. 83) made a preliminary anélysis of the energy
pértitioniﬁg in the impac’tﬂéf aluminum project.iles on .basalt in conjunction
with extraterrestrial impact of meteorites. They point out the fallacy of e>;—
plosion theoiy of impact, i.e., when the kinetic energy of the projectile is
egual to the energy of vaporization an explosio‘n. occurs. It is shownby their

analysis that only a small portion of the energy is trapped as heat of fusion

and/or vaporization. Their analysis is based upon both theory and observa-

tions with a high speed camera.
The initial stage of impact is considered to be d problem in one-
dimensional flow (Fig. 2-1) which may be described by the well-known Rankine-

Hugoniot equations

poU = p (U-u) ’ (5-35) 4
P-p, = poUu ' . (5-36)
- = X A _ 1Y _1 o
E-E =73 (pl-l-po)(po b) =5 u (5-37)

where U is the shock velocity in the undisturbed medium, u is the mass ve-

locity, and p, p anc_i E arethe pressure, density and specific internal energy,

o
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respectively, the subscript o0 indicating conditions inthe undisturbed medium.

For impact conditions p>> Py @nd equations (5-36 and 5-37) may be written

P = o, Uu (5-38)
-E =+, (f_1)_1.p.
E-E =3 p<po_ p_) =Ju (5-39)

Thus, the total work done in shock compression is p(l/p’o-l/p ). From equa-

tion (5-39) the energy of the shockis equally divided between the specific ki-

netic energy (1/2‘112 ) and the increase in the specific internal energy (E—EO)-.

Only Po is known, hence, the Rankine-Hugoniot expressions provide

a system of these equations in four unknowns, and an additional equation is
required which will relate thermodynamic properties of the media.

Hugoniot data (p vs. Po/D) for aluminum and basalt were plotted as
curves, which represent the locus of points for states existing for discon-
tinuous pressure jumps. These curves and the conservation equations permit
evaluation of the variables in terms of each other. The following may also
be obtained from experimental results:

U=a+ ku (5-40)
The values of the constants a + b for basalt and 'Al are given in Fig. 5-18.

To maintain contact at impact (Fig. 5-19)

v, =u_ +u (5'—41)

and

P = po(a + ku)u (5—42)
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Hugoniot curves for aluminum and basalt. (Gault).
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14 ¢ .
! aluminum, Py = 2.75 mg
B . cm
i 12 b u =5.30 + 1.73u
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Fig. 5-18. Shock wave and mass velocity relationship for aluminum
and basalt. (Gault). '
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Al — Basalt
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Fig. 5-19. Graphical solution for determining pressures and mass
velocities for one-dimensional impact of dissimilar
materials. (Gault).
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and further

Py = pop[ap * bp (vimud 1(vy-u) - (5_43)

Pp = Pop @y ¥ Buu (5-44)

For equal pressure in the target and projectile
. <+ - - = - -
[aP bp(v:.L ut)](vi ut) pot(at btut)ut (5-45)
a quadratic which furnishes a solution for the required paraméters .
Likewise the initial energy partition may be expressed

2 2 2
Energy retained by projectile _ % * Ye _ L+ (up/ut)

4 N ) (5-46)
2 - .
l/ZQopvi (up-ut) (l+up/ut) -
and the fraction delivered to the target is
Energy delivered to target = 2up/ut (5-47)
2 2 '
l/2popvi (1+ up/ut)

The energy delivered to the target is equally divided between an in-

crehse in internal énergy and the kinetic energy of the compressed mass be-
J B
hind the shock front, the residual kinetic energy of the projectile is

Residug; projectile kinetic energy _ 1 (5-48)
1/2 L2 2
/ PopVi (1 + up/ut)
and the increase of the internal energy of the projectile is
Projectile internal energy _Ep/ut '2
o= (5-49)

lIZpopvi2 1+ up/ut
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The above equations indicate that, except for impact of similar mate-
rials, the retained projectile energy will never equal that delivered to the
target. TFor higher density projectiles, the fraction of energy delivered be-
comes smaller.

These formulas and calculations based upon them demonstrate one of
the errors involved .if the kinetic energy of the projectile is equated to spe-
cific internal energy in the projectile maferial for explosive impact.

Gault, et al., show that for impact of Al and Fe projectiles in basalt

the calculated energy is initially partitioned as follows:

Percent initial proj. energy

Energy ‘ Al Fe

(Internal, Ep—EOp 22.3) 10.5)
Projectile E ' ; 50.2 g 56.2

(Kinetic, l/2ppui 27.9) 45.7)

(Internal, E _-E 24.9) 21.9)

( E% ) )
Target ( ) 49.8 ) 43.8

(Kinetic, l/2ptut2: 24.9) 21.9)

After the‘ihitial partitioning the process is assumed to be analogous
to the compression of a spring. Once the force of the projectile is spent the
compressed target mass will expand in release of the compression (rarefac-
tion). The compressed material is capable of work, and the use of energy re-

duces that which remains at zero pressure (Fig. 5-20) for ds = 0.



Fig. 5-20.
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pressure

Hugoniot

0

Hugoniot curve and pressure release curve for an

isentrope (ds = 0.) (Gault).
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The isentrope represents a continuous process, the Hugoniot a discontinuous
one. The work of ‘expansion is represented by the crosshatched area. The
triangula_r area enclosed by dashed lines represents the total shock compres-
sion energy, only a fraction of the energy is available for fusing or vapb;iza—
tion.

Gault, et al., (Ref. 83) following Rice, et al., (Ref. 84) utilize the

following equation for (pressure pg) along an adiabatic release line

dp = dp
24 L 14 Ty oA
dv v iv Y dv v

dE,
dv

o, - (5-50)

o In.

=< |1

i )

<l R

<l

‘. The. subscripts a and hrefer to conditions onthe pressure release aﬁd‘

N
Wi
B

Hugoniot curves, respectively. The quantity y=vy (;) is the Gruniesenratio
andv =po/‘ p theratio of the specific volumes. The relationpg = pa(;) is de-

RO 4  termined from experimental data and the internal energy trapped in the pro-

jectile AEp is given by

A'EP = %uﬁpz ~ (pv work) | (5-51)

The value of AEp may be normalized by Ep - E o =1/2 ug (Fig. 5-21). For a

P
velocity of 6.25 km/sec, 19 percentof the increase in specific internal ener-
gy, or 4 percent of the total kinetic energy, is expended in irreversible heat-
ing. This is enough to partially melt the projectile. Observed melting of pro-
jectiles indicates that the above procedure predicts about only 1/3 of thémelt—
ing which actually takes place.

For the target a hemispherical shock is assumed and combined with

an appropriate experimental Hugoniot. A pressure gradient is approximated
4

Y
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Fig. 5-21. The variation of irreversible and waste heat with
: ", pressure. (Gault).
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and irreversible heat calculated from appropriate equations by numerical meth-
ods. The estimated amounts of heat are sufficient tofuse minerals in basalt,

but not to vaporize them.

Comminution of the target consumes an important faction of the pro-

jectile kinetic energy. This is approximated by calculating the new surface
energy from a screen analysis of the pérticle sizes of crater ejecta, and an
approximation of the fracturing of target‘material around the crater. A spe-
cific- surface énergy,was assumed forbasalt from known values for quartz and
lir_nest“c.)ne. For a giventest it was found that about i:en percent-'of the projec-
tile energy was used in comminution of ejected material. Additional cr.ush-

ing and fracturing .of the target was estimated at a maximum of ten percent.

Ejecta velocity distribution was estimated from high speed framing

camera récérds. A humerical summétioﬁ proéess indicated that about 4815
percen;c of the kinetic eﬁ_ergy of the projectile was retained in the ejecta.

The spallation of‘ithe rear of the target, together Witl;l-- the tensile |
strength of basalt permitted calculation of elastic energy as being less than
one percent of the total projectile energy.

Radiant (flash) energy has been calculated by other investigators to
be on the order of 10_4 percent of the total kinetic energy of the projectile.

Gault and Hietowit (Ref. 83) analyzed .th'e partitioning. of energy inthe
impact of aluminum projecti;es at 6.25 km/sec against homogeneous basalt
using shock and thermodynamic equations.

Their results were as follows:
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Energy expended for: Percentage of

(1) 1irreversible waste heat projectile K.E.
projectile 4 to 12
target 19 to 23

(2) comminution ’ : ' 10 to 24

(3) ejecta throwout 45 to 53

(4) miscellaneous

residual elastic wave ‘ less than 1
radiant negligible
Total 77 to 113

If their analytical solutions are reasonably correct then hypérvelocity
prbjectiles prévide an insufficient means of fracturing. Likewise, if ejecta
is fine material, considerable eﬁergy is wasted ih comminution.

Moore, et al., (Ref. 85) conducted a serieé of 38 impact experiments
in basalt at normal incidence. Aluminum, steel and polyethylene projectiles

of weight0.0058 to 4.051gm were fired fromlight gaé guns, velocities vary-

3 11

ing from 0.88to 7.3 km/sec and kinetic energies from4.9 to 10%to 7.4 x 10

erg.

Basalt properties were:

density - 2.70 to 2.89 g/cm3 :

compressive strength - 1.56 to 3.69 x 10° dynes/cm?
tensile strength - 0.90 to 2.32 x 108 dynes/cm?

shear strength average computed - 8.6 x 108 dynes/cm?

acoustic velocity - 4.9 to 5.5 km/sec

L
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A least squares fit of the data gave the following equation:

1 . : '
10,613 P\ zZ 1.189
M = 10 2 E (5-52)
e o, P

where
Me = ejected mass
.Ep = projectile energy
| pp = projectile density
Pp = target density

Target failure conditions are complex, and a comparison of cratering
in basalt with that,in metals and waterlead Moore, et al., to the conclusion
that tensile fracture bla‘ys a dominant role in cratering in basalt. Spalling ‘
creates craters in rock which are about ten timeé as large as those in metal.

Fluid ifnpact theory predicts tﬁat the crater volume or ejected mass
for given materiai‘s shouldﬂ be prbportional to the projectile energy. The re-
sults ofthesé experiments indicate that the ejected ma'ss varies as the energy
to the 1.2 power. In other words, the effective strength decreases with cra-
ter size,

Moorg, et al., (Ref. 86) compared the resglts of impact cratering in
lead, cobper, aluminum, diatomaceous earth, water and basalt on an energy
basis, forthe samekinetic energy.. The cratgr volume fordiatomaceous earth
was largest, basalt n_e#t, then copper, ’alumihum and lead. If the projectiie
energy is normalized adjusting for:density and target strength, the basalt vol-
umes are about three times the others, probably due totensile spalling. Tar-

) .
get strength at high conforming pressures is utilized as a criteria, although

o

.
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few data are available for the high pressures involved (above 49 .kilobars) .
Moore (Ref.85) found in hypervelocity experiments in basalt targets
that the mass ejected from a crater increased with the projectile energy, and

the square root of the ratio of projectile and targei densities. The mass

ejected per unit of projectile energy increased with the size of the crater.

Theoretically, for constant target strength this figure should be constant.
Thus, the effective strength of basalt decreases with increasing size of cra-

ter.

Comminution

Several theories have been pfoposed to give the energy of cru,shing of
solid material to produce a ‘given particle size reduction. The Rittinger: the-
ory appears tobe the fnost applicable, and it states that the workrequired for
crushing is proportional to the new surface area formed.

This may be expressed mathematically as follows:

1 .
- 1 _ 100 y
Ec Kr E : pcti i "3 (5~53)
i o .
40
where
Ec = crushing energy
Kr = a -constant
di = average diameter of each of forty screen fractions
d0 = diameter of original solid

When particle size distribution is employed as a measure of energy, shape

factors may be required if absolute surface energy is determined. Methods

g C
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of adsorption and permeability are also employed todetermine surface energy
of crushed materials.

Specific surface energy increases rapidly with decrease in particle
size, and even though considerable fine material is produced by the various

methods of impact, for jets only a small part of the total energy is utilized

in crushing.



CHAPTER VI

- EXPLOSIVE SHAPED CHARGES AND CUMULATION |

The high velocity and- stagnation pressure of the gaseous products of
a chemical explosion canbe increased if the explosive charge is first formed
into a special shape. In general, the principle of such an explosive shaped
charge is to difect the energy from one portibn of the' explosion producfs or
focus it, thus concentrating energy over a small area of a target which is to

be penetrated, cut, or shattered. In the United States and Great Britain this

. is called the Munroe effect; in Germany and some other European countries it

is called the Newmann effect; in the USSR it is referred to as cumulation.
There are other methods of velocity augmentation or cumulation, however, th{at
do 4not make use of explosives.

Althdugh the explosive s.ha’p'ed charge may be formed in any of a num-
ber of different geometries, a cyiindrical chérge Witha conical cavity is most
commonly used. The explosive column r'navy be tapered.at .the boos'ter end,
giving a beehive shape (Fig. 6-1). When placed v;rith its cavity end agéinsta
massive target, the shaped éhafge excavates a crater or hole whereas cylin-
drical charge with no cavity causes only superficial surface damage to strong
targets such as steel, concrete, or rocks.

A fnajor ;mprovement in the_performance of explosive shaped charges
.occu;red in the 1930's With the discovery tha’é lining the cavity with a non-

explosive solid increased penetration many times. The term cavity effect is

applied toboth lined and unlined cavities, whereas.the term Munroe effect is

}
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usually restricted to unlined cavities. During World War II, the lined cavity
phenomena led to the development of powerful new weapons.

After thé war, the mining industry became interested in applying the
'shaped char_ge to rock excavation, and studies of shaped charge effects in
rock were initiated in the late 1940's (Refs. 87 and 88). It became apparent
that the limit‘ed.existing technology, lack of means of adaptation, and the
price of materials dii—icouraged widespi'ead use of shaped charges at that time.

The basic theoi'y for jet formation (uniform velocity) and target pene-
tration was devel-o;ded during World War-II; ‘and apbeared in the literature in
a peiper by Birkhoff, MacDougall, Pugh, and 'i‘aylor (Ref. 51). The jét foi‘ma-
tion theory was generalized and made -m‘ore applicable to non-uniform jets in
a bapér by Pugh, Eichvelberger, and Rostoker in 1952 (Ref. 89). Called the -
hydrodynamic theory of jet formdtion, it is believed by. sbme (Austin, 1959), ‘
Ref'.’ 90) to b_elimited to thin—walledl’conical and wedgeshapéd liners with.wide
apex angles.

Détonation is usually initiated on the end opposite the cavity by an
' electric:blasting cap and/or booster. The detonation -wave accelerates and
"travels toward the cone, approaching dsteady state conditiqn and planar geo-
metry if the charge is'long enough.

Thé collapse ‘oan conical liner, as visualized in the genefalized hy-
drodynamic theory, is pictured in Figure.v6—2 . As thedetonation wave passes
from the apex to the base of the cone, each successive element. of the liner
collapses undér-the detonation préssure, moving at high veloqity nearly pér—
pendicularto thse original disintegrated liner material. It converges ata junc-

tion on the cone axis, then divides into two jets along the axis because of

FN
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Booster —_]

<
N\

Explosive

kA

Liner

Fig. 6-1. A typical shaped charge with conical liner for use in static
experiments. (Birkhoff).

N\ T T T T

P
2

Fig. 6~2. Formation of jet and slug from a cone or wedge-shaped liner whose
~ sides collapse with constant velocity V, as a result of the explo-
sion of a charge that was in contact with the outer surface. The
solid lines show conditions at an. early instant of time, and the
dotted lines show conditions after the walls have moved a distance
edual to the velocity Vo’ for unit time. (Birkhoff).
o .

'



212

the cone's symmetry. Since the junction moves rapidly from apex to base,
the absolute yelocity of both jets is to the right in Figures 6-2 and 6-3, and
the divergence of thetwo jets results in a relatively slow velocity for the one
onthe left, called the slug . The fast jetis responsible for all of the penetra-
tion.

Because fhe detonation pressure is many times the strength of theliner,
its strength is assumed negligible and is treated as an incompressible ideal
fluid. The velocity of a liner element 1s considered to be.constant through-
out the collapse process, with no ccﬁmsiderat'ion givén to acceleration timve .
The velocity of liner material i; 'éssumed to chapge direction but not velocity
at the junction. In the specialcase in which each cone elementcollapses at
the same velocity, Bernoulli's equation may be applied, leading to the same
condition. Application of conservation of mass, energy,‘and momentum'yields
for fast jet velocity

Vj‘= V0 csc (8/2) 'cos ('a +‘ § - B/2) | (6'-1)
where Vo is th;e collapse velocity and o, 6, and B are the angles in Fig. 6-4.
The fraétion of the mass of a lﬂi’ner element which goes into the jet is
dmj/dm = sin? (B/2) | | T (6~2)
wheredm is an element of the original liner's mass and amj isthe mass con-
tributed to the jet by dm.

The theory at this stage accounts for the presence and shape of both

a jetand slug. Purther, it provides for a variationin velocity alongthelength

of the jet, and in so doing offers an explanation of lengthening of the jet, the

X
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Fig. 6-3. Sketches of computed cone collapse and jet formation.
(Eichelberger). '
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Cone Axis

Fig. 6-4. Cross section showing the non-steady collapse process
in a conical liner. (Pugh).
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" illusion of an afterjet and.with other considerations the existence of an op-
timum charge-target separation (standoff). Both theory and experiment re-
veal a very high velocity at the tip of the jet. Austin (Ref. 90) states that
flash #—ray studies, bi-metallic liners, and radioisotope ‘tagging of liners
have been used tc;) demonstrate the theory. A

Poulter and Caldwell (Ref. 91) proposed a plastic-flow theory for the
collapse of thick-walled, conical liners with small apex angles. This me-
chanism of collapse has been confirmed by the use of flash x-rays and bi-
metallic liners (Ref. 88). Poulter and Caldwell also outlined a spherical-
éonvergence theory to explain the collapse of semi-spherical liners. Clark
and Bruckner (Ref. 93) earlier proposed, on the basis ;)'f indirect observations,
that such liners instead turn inside out and then fragment during collapse.
This mechanism was further supported 5y the observations of Kolsky (Ref. 94).

The cavity effect is also a form of cumulation (Ref. 31). In other ap-
plications of this process a cylindrical "charge" of inert material‘s.u,ch' as
wax is designed with an internal cylindrical or conical cavity. This is im-
pacted on the closed end with a highvelocity cylinder causing a compression
wave in the "charge". A jet is formed in the cavity by a process similar to
that in the liner of a shaped explosive charge.

Above certain velocities the impact pressure of a jetis many times the
strength of sélid targets. Consequently, the theory of jet penetrafion was
originally based upon the assumption of steady-state, incompressibl:e, ideal
fluid flow (Ref. 51). The jets encountered in practice' are imperfect, exhibit-

ing such effects as nonsteady velocity, wavering, and breakup, but basic

/
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theory provides a good approximation. The formula for penetration, the so-

called first order theory is

Ap .
h \
=Vt (6-3) .
p
t -
where
h = penetration depth
L = length of jet
‘pt = target density
pj = jet density

and A= parameter which depends upon the degree of jet breakup, equal to 1
for doﬁtinuous jet. The most obvious result of neglecting target strength is
» the implicationthat penetration is independentof jetvelocity, depending only
on jet length.

However, expeirirnents have shown that target strength does affect
penetration somewhat, becausé the rear of the jet travels at a relatively ‘low
velqcity_ and so exerts a relatively low pressure on the target. This effect
was treated in various ways by Pack and Evans (Ref. 56), and chers (Refs. 54, .
95, 96). The effect Qf heat losses was also considered by Cook (Ref. 3).

The various forms of recent theoretical developments account for such
additional phenomena as optimum standoff and approximate linear scaling of
penetration with cHarge diameter. A reasonably accurate prediction of p’erie—
tration in many metals is possible for common standoff distances, and futﬁre
research may show that similar laws will be applied to rock and other brit‘;lé

materials.
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The first order theory does not account for target s.trength or afteref-
fects such as the lateral expansion of the hole or the shock waves in the tar-
get. Nor has én accurate hypothesis been advanced forthe ‘energy partition-
ing of jet impact, either on ductile (metal) ér britt;e (rock) targets.

Herrmann (Ref. 49) points out that the above first order penetration
theory may be Aexpected to apply only at very high velocities. Forlower ve—
locities a theor_y should includg a dorrection for target strength which in turn
reduces the predicted penetration. There is some lack of agreement with the-
ory because the major contribution to the penetra£ion process at high_veloci;
tieé may be due to the expansion of the crater. |
| The similarities which exist between impéct effects of projectiléﬂ; and .

" jets appear to be limited to:.the initial bortion of a jef: approximately equal to
i a cylindrical projectile of the same mass and geometry. In the development
b 'of some theories of pe.netration both spherical and cylindrical projectiles have
been considered és short jets. Forprojectiles at the instant ofimpacta ‘;hock
j ' wave is propagated from the point of impact into both the target and the pro-
jectile,. For a jet of metailic particles or other solid material particles, the
stream is nmade up of ;eparated discrete segments, and is notcapable of pro-
o pagating a shock back into the jet.
In contrast very };igh velocity projectiles form a hemispherical crater

in ductile metals, while craters in rock are enlarged by tensile spalling a~

round the rim.
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Design of Shaped Charges with Conical Liners (Ref. 96)

All of the design parameters of the liner and the charge are-, of primary
consideration, some being more critical than others. Cdne diameter is ap-
proximately proportional to target penetration for a given charge geometry and
other parameters. (Effects related todesign were observed in steel ‘targets) .
Tﬁe effect of liﬂer material is also marked, but more complex, as evidenced
by Figure 6-5. In generdl, penetration is increased by greater liner density
and ductility, althéugh other material properties may override t/hese effects,
copper versus ieéd; forexample. Cone angié 1s obtimum at about 60° (Fig. 6-6),

but is interdependent with standoff, confinement, and liner fhickness . Pene-

tratlon versus thickness ‘ (Fig . 6-7) indicates i‘.heAv best thickness to ‘be about
0.02-0.03 diameters. A wall taper, giving a large variation of wall thickness

from apex to base, may reduce penetration, but for some designs may reverse

I
PR &

it. An explosive shoulde; (i.e., a charge diametergreatérthan;che cone 0.D.)
isgenerally detrimental. Truncation of the coneis some‘ti‘mes beneficial. Fill-
1ng ‘the apex of the liner does nét af‘fect periefration, but objects withipvand
neérer the base of the cavity inhibit or prevent jet formation.

Exact cone manufacture is important because many types of defects
may great}y affect jet formation and reduce penetration, Ellipticityof 1.7 per-
cent decreases penetration by more than 10 percent. A distorted cone whose
apex is off-center relative to its base diameter maygive penetration as much
as. 10 percent less than ideal. Annealing of most metals or other materials to
remove the residual stresses is necessary. The bead ‘ornl a welded cone must

be ground flush,to the cone on the outside but is not harmful on the inside.
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Waviness alongthe slant height and wall thickness variation around the cir-
cumference may likewise seriously affect penetration. >Furthermore, an in-
clination of more than 0.5 of a degree between the liner and the charge axis
causes im.pairment of effective collapse and jet formation.

The length of the explosive charge alsodetermines the depth of pene-

‘tration. Greater charge lengths result in greater penetration, with a particu-

larly marked increase up to 2.5 or 3 times the cone diarheter (Fig. 6-8). Ef-

fectiveness of the shaped charge also depends upon the type of explosive

uéed , with high detonation velocity and pressure béing the most important pro-
perties. Symmetry is important in charge preparation just as in liner manu-
fac.turing and off-center positioning of the detonatorby 1/10 of the charge dia-
meter is detrimental in chafges of stanciard lléngths . |

Otherdesign factors used to.enhance penetration include charge con-
finement and inertia or low velocity charge cores. Confinement enhances pene-
tration onlya small amount if the otherdesign variables are &;djusted foropti-
mum performance. However, the use of a core of low-veloc;ity explosive on
non—explosiveﬂ matérial (wave shaped) in the main charge may increase pene-
tration by 25 pé;cent.

Penetration by a perfectly fabricated charge is a function é'f standoff,
i.e., the disfance between the end of the charge and the target. Optimum
values of standoff for steel targets iare from 2-3 diameters (Fig. 6-9), but
vary for different cone angles and different liner and target materials.

Jet Penetration of Rock

Lined shaped charges were investigated by Clark (Ref. 88) tc evalu-
o

ate their effect in breaking concrete blocks. Breakage by jets was less than

P
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Fig. 6-9. Stand-off vs. penetration in cone angle. (Brimmer).
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that achieved by the same amounf of explosives in contact with the block,
and cOnsiderably less than the same amount of explosive ‘with almud cap.
Hopkins and Kolsky (Ref. 66) point out that in penetration of jets intolucite,

the velocity of both the jet and penetration interface wére so great that pene-
tration was complete before a stress wave of appreciable magnitude and dura-
tién could be initiated in the target. These observations would indicate that
while the high speed jets | themselves are effective for penetrétion they may
not be effective in breakage. |

By comparison, for repeated pulsed jets of water the initial impact of

the first few shots on rock creates minor cracks and the subsequent sHo'gs may
cause breakage. The exploi_t.::ltion of the cracks by the water pressure and sub-
sequent fracture represents a,differént mechanism and requires target defects

to be present.

No defailed research results onthe scaling of shaped charge penetra-

tion appear to have been published although developed equations, which are

in fair agreement with observations , indicate that for a giyen.charge me'lferial
and configuration, the penetration depth should increase with the liﬁear di;
mension of the charge. That is, the familiar cube root law of explosives ap-
plies, which in turn implies energy scaling. |

Somewhat like short jets with high velocity, cylindrical projectiles
w—ith léngth/diameter ratios of 3 or greater form cylindrical craters instead of
hemispherical. In metals it has been found that there are essentially three

vélocity regimes of projectile impact. The firstis alow velocity region where
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the projectile is subjected only to minor deformation. The second is a tran-
sitional region which leads into athird or high velocity region where fluid im-
pact and inertia dominate. Several theories have been proposed to explain
penetration, such as (1) therigid projectile theory, (2) hydrodynamic th'eories,
(3) power law postulations. These are summarized by Hefrmann and- Jones
(Ref. 49). (See aiso Chapter V)

Three an‘alogous regions also'may exist for jets, depending ubon jet
and target properties, including density énd velocity of the .jet, and density,
hardness and strength of the target. |

Pack, et al., (Ref. 56) and Rostoker (Ref. 54) proposed jet penetra-

--tioNéqiations with a correction for target strength, and Cook (Ref. 3) extended

thesetheories todetermine the radius of the hole by assuming that the impulse
transferred to the target expands the hole laterally.

Y FEIf Bernoulli's theorem (Ref. 56) is applied to a steady jef impacting a
target"Where the jet-target interface is moving with a constant velocity v the

stagnation pressure is
= dp.v2 = Jp (v, - v,)? 6-4;
p %pJv ipr(vJ vy) | ( ' )
A strength factor k was introduced by Rostoker (Ref. 54) to give
$p.v2 + k= ¥p (v, - v,)2 | (6-5)
t J( j i) '
and Eichelberger writes the strength factor in the form
k = &pjv% ' (6-6)

where Vg is the minimum jet velocity to just cause a crater.
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The correction for strength used by Pack, et al., (Ref. 56) considered
the correctionto be expressed in powers of Y/ pjvz vielding a first approxima-
tion to which was added a correction term

. . _
h_‘/fi [ ) o«
L~ t 1 » + L (6~7)

a,Vv
J

where Y is the dynamic yield strength of the target, aq is an empirical func-

tion of jet and target densities, and r is the hole radius.
Cook (Ref. 3) extended the theory for estimation of the hole radius ry
by assuming that the impulse received by the target causes lateral expansion

- of the hole
- 2p¢ = 2 22 e
oy (vj vi) L At %gt(y + k) wréAt (6-8)

N3

where I is the radius of the jet. The final cross-section is found for y=0

P,
= - -1 : -
r rj (‘vj vi) 2k | (6-9)
or eliminating vy yields
T YT
o + /p_J' V2k

| This expression indicate§ that fora givén jet target material combina-

tion, the hole radius is proportional to the radius of the jet, which has been
borne out in observations of jet holes in rock materials.

Austin (Refs. 90 and 97) carried Qut the most complete study of jet

- penetration in fock reported in the literature. Data .from his work plﬁis that

from exberirﬁents by Lewis and Clark (Ref. 87) are plotted in (Fig. 6-10).

Density of target materials varies from approximately lh.O to 9.0. Itis fioted

that the penetration.valuesdo not follow the theoretical curve based upon the

/
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15. Dbarite
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Fig. 6-10. Normalized rock penetration by shaped charge jets vs. square
' root of density ratio. Nos. 1-25 4" diam. cast iron cones,
Py = 7.2; Nos. 26-29 7" and 91" glass cones, pp = 2.6.
P = penetration, D = charge diameter, op = jet density, Pe =

target density, L = jet length.
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theory by Pack and others. These data confirm the postulate th:at the effec-
.tive sfrength appears to decrease with crater size. It should be noted also
- that there is considerable scatter in the data.
Draper, et al., (Ref. 98) madea series of tests with standard M-2A3
and M3 military breaking charges againstgreenstone and epidosite targets to

determine possible applicability in conventional drilling and blasting.

! "CHARGE DESCRIPTIONS

T B ' M - 2A3 M3
o Wt - total 15 . ' 40
Wt of explosive | 11.5 28.5
Type of explosive 50 - 50 pentolite
~:' Cone Material g.lass steel
:ﬂ Cone Angle : _ ? _ ?
| Diameter , : 7 inches 9% inches
- Length 12 inches ~15% inches
- Design .  Beehive Beehive
_ Stand~off, normal | ’ . 5% inches 15 inches

I

Depths of penetration were 12 to 14 inchee in epidosite and 15 to 19
inches ingreenstone for the M-2A3, and 32 inches and 29 inches , respectively,

for the M3,
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Both types of rockwere unusually dense andof high streng;h. Green-
stone had a density of2.96 and a compres'sive strength of 44,200 psi and epif
dosite, 3.26 and 63,100 psi, respectively.. Both rocks 'were also unusually
hard to drill with both diamond drills and pneumatic‘drills .

Preliminary tests were made w'ith- shaped charges at UMR (1968) to
check results of 'othersf investigations. 'The rock tested is a tough dolomite
of density 2.57 and a compressive streﬁgth of 11,900 psi. vSelected results

of the tests by USBM, UMR and those by Austin (Ref. 97) are tabulated below:
AUSTIN'S TESTS |

Charge Description:

Wt of explosive ‘ ’ ‘ 5.5
Type of explosive : | c-3
Cone Material Cast Iron
"Cone Angle | » : 55°
S ’Diameter _ ' . 4'inéhes
L ~ Length . ) ?
Design , _ éyliﬁdrical
) & beehive
Stand-off, nofmal . ' : 8 + inches
Penetration:
Cylindrical:
Rhyolite ' 11-24 inches
Quartz mon. ) 16-34 inches
Limestone ) ' 8-10 inches
.Sandstone 23-26 inches
Beehive:

Rhyolite ' 16-17
i



UMR TESTS
Charge Description:

Wt of explosive

Type of explosive

Cone material

229

11 ounces and
3 pounds

C-4

Cast Iron

Cone Angle 45° and 55°
Diameter 1% and 3 inches*
Length 4% and 6 inches
Design Cylindrical
2/d ratio 4 and 3
* 3 inch is a beehive shape
Penetration - Dolomite:
Charge Explosive .
Diameter Weight L/d Penetration
13 11 -oz. - 4 10-12% in. (45°)
2 1 1b. 3 8-12% in. (55°)
3 2 1b. (beehive) 21-24 in. (55°)
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An examination of the results indicate that:

(1) The M2-A3 charge is ineffective probably because of the glass
liner and other facto_fs of design.

(2) The USBM tests were made on some of the hardest dense, tough
rocks available, and are not representative of average rocks encountered.

* (3) Witha steel linerthe M-3 charge was relatively effective indrill-
ing holes.

A(4) Austin makes no reference to annealing of his liners, which may
be important to consistent, good performance.

(5) Cast iron and steel liners are not the most effective type.s. that
can be used. Copper and other metals give somewhat higher penetx;ation.

(6) The military beehive charge is notan optimumdesign for perform-
ance purposes.

(7) Tests at UMR in a tough dolomite showed penetrations of 1-1/8
_ inch diameter holes ofupto 12 in/lb. M-3 penetration varied from 0.8 to 1.0
inches per pound for 2-2% inch diameterholes and Austin's tests showed from
2-7 inches of depth per pound.

(8) The USBM concludes that costs are approximately $8.00 per foot
of hole (1948). For & .3 inch charge (experimental) at UMR the cost is esti-
mated at about $5.00 per foot (1968). For production type charges the cost
should be considerably less than this.

Fromthe above it appears thatno well-designed tests of the feasibil-
ity of using shaped charges for drilling and blasting have bcen made, and
those performed have not utilized all of the necessary design standards to ob-

4

tain optimum pperformance. No attempt was made to adapt shaped charge

o
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performance to new desigﬁ. Actuélly, some reported investigations were con-
ducted under unfavorable conditions.

Recent pilot tests at UMR indicaté that properly designed charges may
give performance considerably better than those reported in the literature.

Based onthis information it becomes evident that more data on close—
ly controlled -experiments is needed to establish the laws of high density jet
penetration of rock. Most of the data in Figure 6-10 (shots 1-23) were ac-
quired using a 4" diameter charge, 55° cone of cast iron, the charge being.
loaded wifh Comp. C-3. The report by Brimmer (ﬁef. 96) indicates that these
liners may haye been too thick. Also, no studies have been made onthe rela-
tive effects of different liner materials on rock. No investigations havébeen
made of the relative effects of metal jet velocity on penetration and/or break-
age. The effect of high velocity water jets would be expected to be lower

than that for glass.

Energy Partitioning ‘ o

The categories into whicﬁ the released explosive energy from a shaped
charge is diyided by the governing physical and chemical processes have not
been quantitafively evaluated.

For an unconfined explosive charge the kinetic energy carried by the
products of detonation is utilized in (1) deforming the cavity liner, (2) impart-
' ing kinetic energy to the jet and liner, (3) in expanding against atmosphere
pressure, and (4) in 1o-st heat, It is estimated that less than five percent of
the total explosive energy in a charge with an £/d ratio of five is utilized in

forming the jet.
/
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For a cohfined charge the energy partitioning between cavity and blast
effects varies a few percent with the degree of confinement. As the confine-
ment is. increased from zero, there is only a smail increase inthe jet perform-
ancé (Ref. 96) . 'Mucvh of the energy of a confined charge in a'blast borehole
is utilized in breaking the rock or i‘mbarting 'kinetic energy in thg form of
waves or ejected particles. For carefully controlled tests on cubes of con-
crete this amount has been found to be as high as seventy percent (Ref. 99).

'Assﬁming that only a small porfion of the explosive 'is utilized in jet
formation, if shaped chaArges are employed for penetfration c‘ml'y, a large part

of the energy of the explosionis lost. Onthe other hand, if they can be em-

ployed to perform both drilling and blasting, the savings in equipment, time,

energy consumption ar}d cost should be appreciable. Cufrently, itis notposs-
ible to predict accurately the operational details of such a systeim.

As stated above, there appears to belittle i.nformatuion in the literature
éva_i_lable on energy partitioning of the impact kinetic energy utiliz_aﬁon of
shaped chérge jets on semi-infinite targets, particularly of brittle materials.
Some preliminary analyses are avai_labl‘e for hypervelocity impact of projec-
tiles on roék.

Gault and Hietowit (Ref. 83) analyzed the partitioning of energyégainst
homogeneous basalt by approximate methods. (See Projectile Penetration).
Theory showed t.hat less than one percent of the impact energy is transferred
into elastic wave energy. |

If these approximatibns are reasonably correct, hypervelocity projec-

tiles provide an inefficient means of fracturing. Likewise, if ejecta is made
i



up of fine material, considerable energy is utilized in comminution. Also,
the largest portion of the initial kinetic energy is still in the form of kinetic
energy after the impact process is complete. That is, the projectile retains
more than half of its kinetic energy during and after the impact process.

These analyses may be used only as an initial guide for shaped charge
jets, but it is'probable that energy partitioning is a function of velocity, ma-
terial properties and other factors as well. Percentages of partitioned energy
should be quite similar to that for hybervelocity projectiles.

| Target failure conditions due to prbjectilé impact are complex, and a
comparison of crateriné in basalt with that in metals and water infl.uenced
Moore, et al., (Ref. 82), to come tothe conclusion that tensile fracture’plays
a dominate role in total crater formation in basalt. Late spallation createé
craters in rock which are about ten times as large as those in metal.

Fluid impact theory predicts that the crate‘r volume or ejected mass for
given materials should be proportional to the projectile energy. The results
of these experiments indicate that the ejected mass varies as the ene.rgy to
the 1.2 power of the veloc'ity to the 2.4 power of the kinetic energy. in othef
words‘, the effective target strength decreases with érater size.

This would be a factor in favor of generating-very high velocity jets
or projectiles. If it applies over a wide range of velocities, then the cost

per unit kinetic energy of jets and projectiles versus their velocity becomes

an important design factor.

[t is belicved that further research will establish whether this rela-

tionship may be found to govern over a range of velocities of interest, and the
} ’ .

)



e

i

&

234

relative cost of producing very high velocity impact may be more accurately
determined.

Cumuiation - Tubular Booster

Cooley, et al., noted that the theory of cumulatiqn jets from tubular
cavities is not complete, but assumed that the two-dimensional analysis by
Birkhoff (Ref, 51) can be app‘lied . (See shaped charge theory). As noted in
the analysis bf shaped charges Eichelberger (Ref. 92) found that the agreement
of observations from three—dimensional- (axisymmetric jets) Was largely fortui-
tous.

A portion of the mass of the booster is assumed to act in a manner a-
naleogous to a liner in an explosive cavity and that the material at the cavity
surface moves normal to the conical sur‘face of the cavity (Fig. 6-11). From
considerations of momentum the jet velocity is found to be twice the shock
velocity, and the slug has zero velocity. Calculations are also made for the
mass of a hypothetical "slug". Both the theory and applications givep by
Cooley, et al., are inconclusive and subjéct to revision.

Cooley, et al., (Ref. 31) utilized a high velocity rifle (.22 caliber,
(Fig. 6-12) with cumulation charges of paraffin or solidified gl?cerin cast in
the muzzle. A nylon piston impacted the charge at velocities to 1,000 fps.
Aluminum and steel targets were penetrated tomoderate depths., Standoff be-

havior is similar to .that forA shaped charges (Fig. 6-13).
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Miscellaneous

A method of obtaining isolated hypervelocity pellets of aluminum of
3.2 to 4.0 grams with velocities of 7.57 to 10.95 mm/usec (25,059 and
35,478 ft/sec) from 3.33 inch diameter Comp. B shaped charge has been re-
ported by Merendino, et al., (Ref. 100») . A truncated shaped charge (Fig. 6-14)
is providea with an inhibitor to prevent the collapse of the lower part of the
cone. Copper inhibitors were only parti_ally successful, permitting some high
velocity material behind the initial mass to pqés . Lucite provided an effec-

tive inhibi_tor (Fig. 6-15) with only a iittle low velo.city debris. This may be
deflected' to a baffle plate by a semi-annular -section of explosive below the
base. of the shaped charge.

Iét tip velocity varied with the_coﬁe angle, being 7.57 mm/usec for
60° ,.8.86 for 45°,9.56 tov9.8 for 37°‘, 10.4 for 30°,10.95F for 25°and 11.7
for.éﬂl(.)° . This projects to 15.6 mm/usec for 0°, but a 20° apek liner did not
produce a consolidated pellet. -

In view of the fact that shapéd charges follow a linear s’_cale relatién,
it is suggevsted.that a jet tip of mass of 200 grams would be obtained by in-
creasing the charge diameter to 12 inches. This in tﬁrn may provide a simple
means of providing high velocity projectiles for hypervelocity impact studies.

.Slykes .and Vrablik (Ref. 101) report on an explosive system for accel-
erating 2.2 gram pellets to velocities of 4.2 krr;/sec. . It was accelerated by

embedding a flat cylinder of metal in the end of an explosive charge. The

whole was used as-a final stage of a rocket in an experiment to observe the '
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light emitted from an artificial nickel-iron meteorite of known mass.

James and Buchanan (Ref. 102) presented the resulf of aseries of perie-
tfation tests on steel using a 45° copper liner 0.037 thick, charge (P.E.) five
incheslong and 1-5/8 inéh diameter. Experimentswere made (1) for n;easure—-
meﬁt of depth and volumes of craters, and (2) for measurement of velocity of

.penetration in seven materials. Ahistogram of penetration indicates a some-
what skew distribution.

Density, tensile strength, shear strength and hardness of target ma-
terials were determined. No direct correlation was found between density or
target strength and penetration for the whole length of_the jets. However, for
thé higher velocity front portion of the jets there was good agreement in pene-
tration for targets of the same density, but of différent strengths. There al-
so were good correlations found between strengths and hole diameter. Pene- ,
tration velocities were found to be approximately proportional to the jetvelo-

city. .



CHAPTER VII

PRESSURE VESSELS

INTRODUCTION

In. general the pressures to WhicAh a vessel is subjected may range
from static or quasi-static to dynamic or impuléive . Static type pressure ves-
sels have beeninvestigated in great detail for cylindrical geometry, and to a
lesser extent for spherical geom_etfy. On the other hand very little seems to-
be known about the response of vessels to dynamic- pressures.

This chapter is devoted tothe currentdesignprinciples Which may have
apblication to a 500,000 psi vessel having sufficient volumé to be useful for

}}ighﬁvel.ocity jet formation. Vessels for static applications such as material

O PR S

- properties studies and material synthesis under high - confining pressures
wilﬂ_l‘:not be considered. For the latter applicati.ons, pressures of the order ‘of
i,aréf0,000 psi ére not uncommon. Such pressures are normal}ly generated -and
co}iééined in a'small volume by rams converging on the s‘mali volumé from
va;f)i;us ‘angles. These de‘vices are commonly termed flat-face anvils, tetra-
hedral apparatus, and cubic apparatus depending on the geometry éf th2 op-
posing pistons .' |

Due to their géozﬁetry and small volume the abovedevices do not ap-
pear to be applicable to this inves;cigation. ~ The chapter will be devoted to
cylindrical vesséls which could be employéd as reaction chambers, pi.ston—

cylinder arrangements, or tubing to transport a high pressure fluid.

DYNAMIC PRESSURE VESSELS

A pressure vessel in its broadest sense is a container which confines

I3

the fluid long enough for the desired pressure effects to occur. With this
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definition the "strength;' of a vessel may be due to its inherent strength for
intermediate rate processes, or to its mass or inertia for high rate processes,
such as the détonation of an explosive.

An interesting apblic;ation of the inertial type of vessel is the use of
lead jvackets around small explosive cores to afford the necessary confine-
ment to sustain the detonation process. In this manner the critical charge
diameterv below which steady state detonation will not occur can be reduced
considerably from that necessary for unconfined charges. Normally in these
detonating fuses the"vessel"ruptures shortly afteI.' the detonation has passed;
however, the desired effecf; in sustaining the detonation has been éccom—
plis‘hed. Techniques have ;‘ecently beendeveloped fqr corrllpletel?.contgining
the redction products from small exploéive cores if necessary. Here the de=
sign is both inertial and conventional.

Mackenzie and Dalrymple (Ref. 103) detonated spheres of C4.explo-
sive centrally located in cylindrical containers to defermine the maximim a-
mount of explosive which could be detonated in various size cylinders of
various materials. Sidewall rupture was the prevalen;c type of failure;. Em—.
pirical curves were determined relating the limiting mass of the explosive to
the insidediameter and wall thickness for several aluminum alloys and stain-
. less steels. No theoretical analysis was gttempted;

! In another report qn this same problem,_ Mackenzie, Dalrymple, and
Schwartz (Ref. 104) state the commonly measured engineering strengths of

materials are of little value in the design of dynamic vessels. The strength

b2l
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of a material is rate dependent and no simple relation exists between the sta-
tic and dynamic strengths of any givenmaterial. Thus, static characteristics
are of no great value in the design of dynamic pressure vessels,

. Daugherty (Ref. 105) designed and fabricated a one million psi pres-
sure chamberto contain the pressure of a small detonating explosive charge.

3 , and the vessel was

The internal volufne of this vessel was only 0.275 in.
of the multi-anvil type. Itappearsthat thedesign was based solely on static
pressurization which may or may not bé sufficient for explosive pressuriza-
tion.

Rate effects in pressure Yessels have been analyzed theoretically by
Spillers (Ref. 106). His analysis is for an orthotropic viscoelastic t}}ick—
walled tube in plane strain subjected to an applied pressure of the form

s p(t) = po u(t) (7-1)
whé&ré u(t) is the unit step function. The solution forradial stress o, atradius

r obtained through the Laplace transformation is given by

(—-l)n 4n a

sin (ar - b)

Pod ¢n a

2 [e2]
)
r r in b T n=1"~

(7-2)

v t th
$(0) e ¢(Y1) e o (v,)

+ +
Y y & -vy) v & -v)
2 11 2 22 1

Yy

where y and y_,are the roots of
1 2
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o ' o .
s2 |02 b + n2p2 —LL | + 5| 2n2 b (8 +y ) + n2g2 —ll-(y + B )
' a 22 11 o 22 11

22 22
(7-3)
o .
+m2bpg y +n?m2LtLy g =o0.
22 11 o 22 11 -
22
2u2 b(s + Byp) (s + y11) ' s
$(s) = (7-4)
2n2 b + n?n? “11 '
G220

s is the transform variable,
a and b are the internal and external radii respectively.

@11 G22. Bp2s yp1 @nd y,, are constants describing the viscoelastic

properties of the orthotropic material.

Spillers then discusses the simplifications which are introduced when

che material is assumed to be incompressible. An anisotropic material does

not have a coefficient of compressibility as an isotropic material does; thus,

material incompressibilit_y mustbe interpreted to mean that the material under-

goes nodilatation. The simplification of incompressibility resulted in the La-

placetransforms of the responses having the transform-parameter as a ration-

al fuﬁction. The responses are thus of the same order of ccmplexity as the

]

response of an isotropic thick-walled tube.

L
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STATIC PRESSURE VESSELS

It is desired to design cylindrical pressure vesseis to contain static
or quasi-static pressure ilp to 500,000 psi. A cylindrical geometry is gener-
ally more useful than a spherical geometry. since it lends itself to piston-
cylinder and transport (tubing) applications as well as a simple container.

It is shown in Appendix B that a thin-walled vessel (diameter greater
than 20 times wall thickness) can contain a pressure of not more tha_n 1/10
of the tensile strength of the material. Thus, even for steels having tensile
stfengths in‘the order of 300,000 psi, a thiri-Walle‘d vessel will sustain, at

most, up to 30,000 psi internal pressure.

Higher pressure can be contained, however, by increasing the ratio
of :wall thickness to diametér. The stresses then vary across the wall and
the vessel is termed thick-walled. Lame developed the classical equations

for: the stresses in such a thick-walled cylinder assuming elastic behavior

.. angloading by internal and external pressures pj and pg respectively (Fig. 7~ 1).

IR

These equations for radial and tangential stresses at radiusr, o, and oq re-

spectively, are

a?b2(po - p;) 1 pia2 ~ pob?
G = —_ e —_— (7-5)
r b2 - a2 r2 b2 - a2
a?b?(po - p;) 1 p;a? - pob?
0q = - P A A (7-6)

b2 - a2 2 b2 - a2
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Fig. 7-1. Thick-walled cylinder subjected to internal and external
pressures.
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-As the outer radius b becomes infinite itcan be shown that ¢
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\

When the external pressure is zero the above equations reduce to

.

2 2
b

o.r = a_P_ (l - — ) . ‘ (7_7)
b2"8.2 r2

2 2 S

b

0, = EB— 1+ (7-8)
b2-a2 £2

where p is the internal pressure. Equations (7-7) and (7-8) indicate that o,

is everywhere compressive and that ‘ce is always tensile. The stress o‘eiS
maximum at the inner surface, where

2 2 ’
= p(att+ b%) . (7-9)

. ' 9 omax
"""" ‘ b2-a2

omax approaches
vthhe:‘v_yi_'_nterhal pressure p. Thus, there is a limit to the pressure Whidh can be
cpggfiined, even with infinitely thick walls; .

| Equation (7-8) shows that the tangential stress decreases with in-
crease in radius outward >from the bore. Thus, the outer materiai does notcon-
tribute as mucl;l to the confinementas that near the bore. Various techniques
have been devéloped to create a more nearly uniform stress'ciistfibution across
the wall thickness. Basically all of these techniques attempt to introduce re-
sidual compressive fangential sfre‘sses near the opening which will tend to
decrease the magnitude of the tensile stresses in this criticél region, The

various methods for accomplishing this are autofrettage, shrink bands, mul-

tiple cylinder configurations, and wire wrapping.

i
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Autofrettage is the most widely discussed technique for introducing
residual compressive stresses near the cylindrical cavity. The technique is
used in gun barrel manufacture and is applicable to other vessels. Itconsists
of a pressurization beyond the design pressure so that the mate'rial becomes
partly or fully plastic. Upon release of the pressure aresidual stress pattern
is created which makes the stress at subsequently applied design pressure
more uniform throughout the thickness of the vessel.

Appendix B gives adetailed analysis of the autofrettage process for a
material which is elastic uptothe ylield point and berfectly plastic thereafter.
It is assumed that material behaves elastically upon release of the autofret-
tage—pressure and also upon repressurization to any wvalue up tothe aﬁtofret—
tage pressure. A maximum shear stress failure criterion is employed. Equa-.
tions for radial and tangential stresses are developed in Appendix B for the
various stages of the autofrettage process for the cases of yielding through-
out the entire wall and partial yielding.

Seelyand Smith (Ref. 107) state that the assumption of constant maxi-
mum shear stress in the plastic region during the initial pressurization is
reasonable if there is noincrease in strength of the material due to cold work-
ing and if the residual stressesdo not cause yielding in the reverse direction
upon release of the pressure. These conditions are substantially met for ma-
terial‘s having a well-defined yield point and fo.r cylinders having dimensions
such that the ratio % is small to medium in value.

Figure 7—2 is a graph of the ratio of the interhal pressure to the ten-

sile elastic strength versus the ratio of the external radius to the internal

1
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‘radius. The bottom curve is a piot of these ratios when inelastic strains in

the wall begin, based onthe maximum shearing stress theory; the middle curve
shows the ratios when inelastic strains commence but is based on the maxi-
mum principal stress theory; the upper curve shows the ratios when the wall

becomes entirely plastic at the maximum autofrettage pressure. The middle

- curve is normally not used since the maximum principal stress theory is not

valid. for this type of loading. The curves coinéide at the originwhich corre-
sponds to a thin-walled vessel; For -laz = 5 it is seenthat the pressure éan be_
increased i)y a factor of approximately three fror.n the time when the inside
wall first becqmes plastic to when the entire wall becomes plastic.
Berman (Ref. 108)lists the primary limitations to the autofrettagé pro-
cess and its analysis as: ' |
1. Pressures much higher than the design pressure used to produce
autofrettage may be near the burst pressure.
2. _Material properties beyond the yield point are difficult to deter-
mine and may vary from point to point in the material\.
3. T‘he relationship between measured material properties and the
multiaxial stresses iﬁ those parts of the vessel in the plastic range
is apprqximate. |
4. The true residual stress pattern is open to question due to varia-
tions of material properties in the plastic range and the approxima-
tion in their applicv'ation.
5. A large portion of the vessel is considerably understressed un-

less the design pressure is near the fully plastic pressure.
rs -
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Faupel (Ref. 109) speaks of percent aufofrettage and percent over-
strain. Full or 100 percent autofrettage is obtained when the theoretical maxi-
mum residual stresses are left at the bore. The cylinderis said tobe 50 per-
cent autofrettaged when only half of the makimum possible residual stress is
left ét the bore. Full or 100 percent overstr;in occurs when the entire wall
becomes plastic; A50 percent overstrain indicates that the plastic.zone has
penetrated only half of the wall thickness. For some real materialé 100 per-
cent autofrettage can be accomplished by only 10 peréent overs';rain. Opti-
mum Qesign is considered as that producing the maxim.um residual stress dis-
tribution with minimum material.

~--~=-Faupel also points out the importance of r‘eve;se yieldin‘g in compres-
sion .~ This phenomenon occurs whenthe material near the bore yields in com-
pfgéé'g*}bn upon release of the pressure rather than following Hooke's law dur-
ing’ tHe entire release. If the theoretical maximum value of residual stress
is-governed by von Mises' criterion (constant octahedrai shearing stress or
maximum distortion energy) it can be shown that the limitihg condition for no
reverse yielding in a fully overstrained, closed-end cylinder is é diameter
ratio g =2.22. For an open-énd cylinder the limiting rgtio is 1.94. For dia-
meter rétios greater than these reverse yieldihg will occur on release of the
autofrettage pressure if the pressure is greater than twice the elastic break-
down pressure for a closed-end cyiihder, or 1.83 times the elastic brcakdown
pressure for a closed-end cylinder.

Prager and Hodge (Ref. 110) present the theory of reverse yieldin§
making the si/mpii‘fyiﬁg'assumptions of incompressibility and equal valués of

tensile and compressive yield strength. The elastic range for unloading from

e

'A\.



the elastic range for the original loading.
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a plastic state and subsequent loading in the opposite sense then equals

Thus, a pressure release of mag-

nitude Ap will induce reverse yielding of Ap > 2 pyp, where p;yp is the pres-

sure at which the wall begins to yield upon the initial pressurization. Their

analysis assumes plane strain conditions and that von Mises' yield criterion

applies.

Assume an initial pressurizationto cause the vassel to yield out to a

radius ¢ so that the region a <r <c is plastic and the region c <r<b is

elastic. The stresses in the elastic and plastic zones are

- a-=-2mi)H
yp b2 c
o= )
2
£ (1-b—)
b2 yp r2
2 T
T 1+—+2 an—=)
yp b2 c
06: 2 2
S a+)
b2 yp r2
S v o2
Typ (b2 Ln )
o=
c2
S
yp b2

fA

In

|A

IA

IA

fA

(7-10) -

(7-11)

(7-12)
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 where T vp is the yield strength in shear and where the radius c is related to

the pressure p by

2 . : N
p=1 (1—°—-2m§) (7-13)

yp . b2

Let c' be the radius of the elastic-plastic interface for the reverse
yvielding which océurs for a pressure release of magnitude A p, whereA p > Zpyp .

The radius .¢' for a given 4p can be determined from

b b

|
22+ ()2 -1=2in2 - AR (7-14)

T a 2°T
yp

The changes in the stresses produced by the decrease in pressure 4p

=agreithen shown to be

21*_(1___25“1_1‘_') a<r<ec
yP p2 c ==
Ao =
. %r (7-15)
= 02 b2
~-21 =— (1--7) c'<r<b
YP 42 r? -
R ' c'2 r
-2 1 AQ+———+ 2 ¢n =) a<r<e'
ypP b2 c _ -
Ao = _ .
) (7-16)
2
-2 1 = (l+b_) c'2r<hb
VP 12 2 - =
c'2
-2 1 —+ 2 gn =) a<rc<e'
yp b2 -
Ao = -(7-17)
12
-2 ¢ == c' <r <t
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The residual stresses remaining after release of the internal pressure
will thenbe the difference between the stressesgiven in equations (10), (11),
and (12) and the corresponding stresses given in equations (15), (16), and (17).

When the material exhibits strain hardening, the plastic analyses of

_ the stresses in athick-walled vessel become more complicated and general-

ly im)olve numerical solutions. Such analyses may be based on either ten-
sile stress-strain diagrams or shear stress-strain diagrams. Jorgensen
(Ref. 111) used tensile datato analyze the stresses in elastically strained and
partially overstrained thick-walled cylinders since.tensile data are more read-
il};' available and calculations are somewhat simplified. The equation for the

ultimate pressure Pt which pest fit the experimental data was

o + 0,
u

P = ¢nR’ (7-18)

2
ult /3- 9

where

o = ultimate stress psi

O, = outside wall stress taken from the stress-strain diagram.

R' = ratio of outside radius to inside radius in the strained

condition.

In a later investigation Jorgensen (Ref. 112) compared experimental
data for pressure vessels for stéels with numerical calculations based onboth
tensile and torsional stress-strain data.

Three regions are considered: the outer elastic region ry <r<b, a

perfectly plastic region rp <r < ry, and aregion of strainhardening a <r < rp.
) =
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The pressure summations pe' py, and pcy in the elastic, plastic, and strain

hardening regions in terms of the tensile stress-strain data are shown to be

g 2 .
y T

= —@-—+) (7-19)

V3 b2
= 2 Iy

py = - cy n - v (7-20)
/3 P
L7 ) g B (7-21)

p.= = o+ o) fn 7-21

a /5 r=a m. n r +u
The corresponding equations for torsional stress-strain data are

. r2 ’ ' .

p =1 (1--L&) : (7-22)

e y b2
=P r +u .

o Tl () tmg ot (7-23)
r=a m m

where 'rm, r = initial intermediate radii
uos u = intermediate radial deformation
o 0, = equivalent true intermediate stresses
Uy = true yield stress
Ty = yield shear stress

From'the discussion at the end of this paper it abpears that Jorgen-

sen's analyses may be in error since he used e= u/r, where ¢ is the radial

J
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strain, instead of the correct expressione = au/& r. There is also some ques-
tion as to the validity of assuming constant volume conditions in the elastic
portion of the vessel, although there is general agreement ‘that the constant’
volume assumption is valid in the plastic portion.

Crossland and Bones (Ref. 113) related torsional and tensile test data
to the p.ressuré—expansion curves and ultimate préssures of thiék-walled cy-
linders. The problem of yield for materials with an uppér yvield strength is
complicated by the fact that the upper yield strengthis a function of the stress
gradient. The initial yield stress in qthick'-walle& cylinder is approximately.
eqﬁal, however, to that found from a torsion specimen with the same étress
gradient as in a cylinder. The constant pressure which will cause coﬂé%ﬁuéd
expansion when the cylinder has just Bec.ome fully plastic but before strain
hardening has commenced is termed the "collapse pressure". The experimen-
tal :resvults compared favorably with the theoretical curves as eyidenced by
the curves in Eigure 7-3. These cufves show the relations.hips between the

collapse pressure and the diameter ratio, and between the initial yield pres-

sure an;i the diameter ratio for 0.15 percent carbon steel . The initial yield

pressure was predicted very accurately when the upper yield shear stress was

corrected for shear stress gradient. The pressure-expansion curve (pressure

-versus tangential strain at outside surface) was obtained by manipulating the

following three equations:

r+u=dr2+2a ua+u§ (7-24)
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Fig. 7-3. 1Initial yield and collapse pressures for 0.15 percent

A, B

carbon steel. (Crossland and‘ques).

Theorétical collapse pressure-diameter ratio cutrves based on
plastic yield shear stress, T (A:T2 = 7.4 ton/in2; Bit, =
6.8 ton/in2. '

Experimental points for collapse pressure.

Theoretical initial yield pressure-diameter ratio curve based

on an upper yield shear stress corrected for shear stress
gradient. C

Theoretical initial yield pressure-diameter ratio curve based

on an upper yield shear stress.T1 = 11.5 ton/inz.

.9 Experimental points for the initial yield pressure.
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r +
Y, = 2 in (7-25)
b+u.b
P=f —  d(r + 7-26
e (r + u) (7-26)
a+ua

where

u = radial displacement at radius r
4Y = equivalent shear strain at radius r + u
’g, b = inside and outéide radii respectively

T = shear stress at radius r

p = internal pressure

e

Figure 7-4 shows the relationships between the theoretical ultimate ‘ u
pressure and the diameter ratio, and between the expérimerxfal ultimate pres-
sure and the diameter ratio for the 0.15 percent éarbon steel. 7The ultimate
pressure is the highest pressure on the pressure—expanéioh curve. The the;-
oretical curve and experimental points agree closely iﬁ Figure 7-4.. |
Similar .graphs showing excel}ent correlations for initial yield pres-
sures, collapse pressures, and ultimate pressure, were obtained for 0.3 per-

cent carbon steel and for Vibrac.



s

%

i

260

2

Fig.

50

‘Ultimate Pressure -~ ton/in
w =
S S

N
o

| 1

7-4. Experimental and theoretical ultimate pressure-diameter
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Dawson (Ref. 114) calculated the expansion (tangential strain at out-
side surface) and residual stresses in a cylinder ofwork‘hardenab_le material
using a method proposed by Naaai (Ref. 115)., Dawson deduced the shear
stress-strain curve for the available tensile stress-strain curve using the-

equations:
(7-27)

&

y = | (7-28)

o

Itis assumed that the shear strain v is proportional to 1/r2 all through _

the cylinder at each stage of the expansiori. The internal pressure p is then
.Ya«

p =f (%) %% | (7-29)

b

and the shear strain at the outside surface r = b is given by

Y = .2_.(.1_:'-_\))_ € (7_30)
b 2 -v t . _
: b
-where
v = Poisson's ratio N
and :
' € = tangential strain at r = b
b

The analytical calculation of the expansion which involved a numerical in-

tegration agreed within 3.5 percent of the experimentally measured value.

Similarly the residual tangential bore stress agreed within four percent.

A comprehensive study of the yield and bursting characteristics of near-

ly 100 thick-walled, closed-end cylinders was performed by Faupel (Ref. 116).

} .
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The elastic breakdown pressures and the bursting pressures were related to
the properties of the materials and design equations proposed. The elastic
breakdown pressures pyp for open end, closed-end, and restrained end ves-

sels are given by the following equations:

o (B? -1
P (open ends) = S (7-31)
P SR T
(0] " n2 _ '
) (closed ends) = X [_E____l] (7-32)
yP /3 2 J
>
ov (R 1)

(7-33)

P (restrained ends) = -
yP V3R* + 1) + 4u(v - 1)

S TN

where R is the radius ratio § and oy is the ..01 percent offset yield strength.

The closed-end equation was found to describe the behavior fairly well.
Faupel then states thatif the cylinder wall yields at a constant sfress

a‘é;";;s“éssumed in classical plasticity theory the bursting or ultimate pressure

pult is given by the equation

20
- X b _
Pule - &n o (7-34)

He then shows thatif the ultimate tensile strength 9, is greaterthan the yield
strength Gy the bufsting pressure is
P = EEX Qn'h [:2 —'il ] :
ult V3 a 9 ' ’ (7-35)

where oy is here taken as the 0.20 percent offset or lower yield strength.

}
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The above equation predicted the bursting pressure at least 90 percent of the

" time to better than t 15 percent of the observed value.

Burrows, et al., (Ref. 117) summarize the various failure criteria used
in pressure vessel design. Table 7-1 shows the alternative criteria of elas-

tic failure relating the principal elastic stresses

[og > 0, = 0.5 (65 +c) >0 (7-35)

in s uniformly thick, infinite, holiow, closed-end cylinder, under internal

oressure, to the major principal stress cryp in a tensile test specimen.

Table 7-1 - Elastic Failure Criterion (Burrows, et al.)

CRLTERTON FORMULA

Maximum Stress¥

Lame (1831) _ o
Rankine (1888) | g =04

ES

Maximum Strain*

Poncelet (1840) | ¢ = (3/8)(o, - 0.) + (/&) (L - 29) (o, + 3 o)
Saint-Venant (1870) 8 T ) r

Maximum Shear

Coulomb (1773)
Tresca (1864) 0 =04 -0,
Guest (1900) )
o= (20>, - o) {5 - 4)/3]

| Energy r ) :
Beltrami (1885) 0.5
Haigh (1919) i - - 29

g P + 4(1 2v)oecr(ce Or) }
Modified Energy
Huber (1904)
{Hencky (1924)i o= (3/4)05(_ - g)
ivon Mises £ (1913~ . 9 r }

*Least acceptable at present |
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Table 7-2 shows these same failure criteria when plasticity is as-
sumed with consequent adoption of constant volume (infinite bulk modulus)

so that Poisson'sratio is 0.5.

‘Table 7-2 - Plastic Failure Criteria (Burrows, et al.)
l - CRITERION - FORMULA
| i
‘Maximum Stress g =0, ,
%Maximum Strain o = (3/4) (c_e - or) §
iMaximum Shear =g, -0
: 6 r
| Energy | 0= (3/4)0+%(oy - 0))
‘Modified Emergy o (3805, - o)

Burrows, et al., also describe the work of a task force to resolv'e the
differenCes in points ofview on the criteria tobe used in calculating »the wail
‘thickness requifed for high pressure steém piping. Thirty-one differen‘t eqt;la—
tions for pipe-wall stresses are presented along with short descriptions of

their applicability. The final equation which was devéloped is

+o—pd : -
t 35 = 2yp (7-36)

where

minimum wall thickness

internal pressure

outside diameter

code allowable S-value

temperature-dependent parameter having a value of 0.4
for ferritic and austenitic steels below 900 degrees F.

< Ao ot

-
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The above equation was adopted by the Power Boiler Section of the ASME Boil-
er Code and was approved by the Power Piping Committee of the ASA B31Code
for Pre;sure Piping in approximately 1954.

The condition of unrestricted plastic flow of a circular tube in plane
strain with internal preésure p and obeying \}on Mises' failure theory is dis-
cussed by Prager and Hodge (Ref. 110). In unrestricted plastic flow the in-
teri‘or and exterior radii a and b increase with time, their initial values being
denoted by ao and bo' The pressure p necesséry to keelp Fhe widening tube
fully plastic will vary with time. The initial value of po is given by

bo

Po = ZTYP Rn';: (7-37)

where T‘yp is the yield strength in shear.
Each particle moves radially during the flow process. The radial ve-
locity v of a particle r distance from axis will be a function of the radius r

and the tirme t. The theory of perfectly plastic materials allows the parameter

tto be replaced by the parameter a.
v =1v (r,a) (7-38)

Thus, the radial "velocity" depends on r and on a, which plays the role of the

time. The strain rates at the "instant" a are therefore given by

=2_ 1 2 : -
er.z,ee—z,sz 0. (7-39)
r
A particle originally at some distance T, from the axis of the tube has

stresses actingon it at the time when the interior radius has reached the value
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of a given by the equations

c_ =7 Ln (7—40).

r yP b%+a2—a‘f—>
r%+a2—a% ‘
Og = T n + 2 s (7-41)
yP b2 + a? - a3 J : '

o_ =1 Ln + 1 . (7-42)

w.-+- The internal pressure necessary to keep the tube fully plastic and ex-

G e

panding is given by the equation

Pp=T n 1+

(7-43)
yp Tz

Rt

---... The above equation indicates that the pressure required for continuing
exparision decreases as the inside radius increases or with increasing time.

Bailey' (Ref. 118) derives equations for the stresses in a thick-walled

. cylinder undergoing creep. He sté,tes that there is a linear relationship be-

tween stress and log rate of creep in shear for steels at temperatures up to

approximately 500 degrees C as given by the equatibn

T=k +k log v : (7-44)
1 2 10 ’

AN

N
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where -

=Lt —2 A (7-45)

Y = creep rate in shear (radians per hour)

kl and k2 are experimentally determined constants.

- The stresses in the r, 6, and z directions are then shown to be

b
r r r L=
Or = 2n 4n 3 in 3 in b + p 5 (7-46)
Ln— :
a
- b s T (1-5“1_1:_)
o, =4ntn2+2nn>-2nn-n+p \—— H7-47)
) r a a b b
in —
a
| . . L. (1—2 tn %)
6o =2ntnZ+ntn>-2nfn=tn=+2 \—nun_=L (7-48)
z - r a a b 2. lnh
’ a

where n = ,4343 kz. ,
Unfortunately, most creep date is obtained in uniexial tetlsile tests -
rather -thart torsion‘al type tests. Creep with rupture in a pressure vessel ‘is,
however, currently (1968) believed to be reasonably well correlated with ten-
sile creep—rupture data, at least for a range of diameter ratios.
Prager and Hodge (Ref. 110) discuss the conditions for failure of a re-

peatedly loaded tube. They state that the internal pressure must be suffici~

ently small to avoid unrestricted plastic flow and to avoid the establishment
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of a cycle of plastic deformation. The first condition is satisfied if the in-

ternal pressure p is less than the pressure at which the cylinder becomes

-fully plastic pfp where

_ b _
pfp = 2Typ n 5 (7-49)

The second condition is satisified when

b b
— 3 - — —_
P.<Pg, = 21 in for — < 2.22 (7-50)

Ca o g 2=l for 2222 (7-5D)
P Pyp yP b

MacLaughlin (Ref. 119) performed a three-dimensional photoelaétic
analyAsis of stresses in thick-walled closed—end cylinders using stress—
freezing and slicing techniques He found that the octahedral shearing
séregées in hemispherically-ended cylinders were less than half those in

flat—e_nded cylinders. This phenomenon occurred even though the hemispher-

ically-ended cylinders were composed of approximately 40 percent less ma-

- terial in the end region. The octahedral shearing stress was also 13 percent

lower in models having end plug.s than those without the plugs. Indications
were that an optimum end-wall thickness may exist and thét further study is
warranted.

Acylindrical pressure vessel may be strengthened by shrinking an-
other cylinder around the maincylinder. The outerc.:ylinder is normally heated

so that it expands sufficiently to just slip over the main cylinder. As the
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outer jacket contracts upon cooling it exerts an external pressure on the in-
ner cylinder. The result is that compressive tangential stresses are gener-

ated in the innercylinder as well as tensile stresses in the jacket. The out-

. ercylinder is referred to as a band if its thickness is small. Such bands are

designed to carry only hoop forces. If the outer cylinder is relatively thick

the vessel is then referred to as a compound or multilayered vessel.

The elastic stresses in a compound vessel can be analyzed by using ‘

Lamef's equations for stresses in thick-walled cylinders aﬁd cohsideratiqns
of the displacements at thé interfacés . Seely and Sm'ith (Ref. 107) analyze
this problem for jacket and cylinder materials having the same values of v
and f:, and the same strengths. Letting a, b, and ¢ denote the interﬁalf'ra—
dius of the main cylinder, the externaly I;adius of the main cylinder (or inter-.
nal radius of jacket), and the external radius of the jacket, respecfively,
(Fig. 7-5) they solve for the values of b and ¢ such that two simultaneous re-
quirements are satisfied. First, the maximum ci.rcumferent'ial stresses in the
cylinder and the jacket are'équal to the working stress GW when the al(loW—
able internal pressure p is reached, and second, the radius ¢ has its minimum

possible value, thereby making most effective use of the material. The val-

ues of b and ¢ are then

b = ka
(7-52)
c = k2a
where
1+ (p/ow) + 2 vl +'(p/cw) 4
k? = (7-53)

3 - (p/ow)
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Fig. 7-5. Two-region nomenclature. (Huddleston).
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Becker and Mollick (Ref. 120) present a theory for the elastic design
of a compound cylinder made by shrinking together sevéral concentric cylin-
ders. In their analysis the cylindérs may have different strengths and they
may ope»rate at any temperature and under internal or external pressure. The
cylinders are further assumed to be .homogeneous and isotropic, and to have
the same Youhg's modulus.

’ c
Lame's equations for stresses in a thick-walled cylinder are used in

. conjunction with the maximum shear stress failure criterion. Foroptimum de-

Asign all sﬁccessive rings will reach their yield s.trengths simultaneously.

Detonating the raaii of the boundaries between the cylihders as a, b,
.+, 2, and denoting pa, ‘pb, ceees Py as the radial pressure at tﬁe radius
designatéd by the sub-scribt the followi;ng‘ equation for internal pressure isde-
rived ‘

: a, o bys..
Py = Tgp [1 7 P14 11 - (7]

. (7-54)

‘ _ (k2
B +....+Tk9‘ {1 (2) ]+p2

wheret _, T

ab are the yield strengths in shear in the cylinder be-

be’ "' Tk &
tween the radii designated by the subscripts.

The following equation relates the maghitudes of the various radii for

simultaneous yielding to occur

(é)2 = T (ﬁ*)z' (7-55)

fg

T
bl /]
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The diametral interference Gg which is the difference between the dia-

metral deflections at g of the inner and outer cylinders under the action of P £

pg, and Py, is given by the equation

K (7-56)

-4 _ (£
s = [T (g) Tre

gh

Physically ag is the sum of the increase in the inner diameter of the
outer cylinder and the decreasé in the outer diameter of the inner cylinder.

The authors also show tha_t the relative deflections are mating sur-
faces (the interferénces) which are unchanged by ch.anges in the internal or
external pressures on the assembly.

Huddleston (Ref. 12 1) pres'ents the theory of r-ninimum wall-thickness
multiregion high-pressure cylinders. The énalysis combines _the Lame’ equa-
tions for the stress -distribution in thick4wa_lled cylinders with von Mises'
yield theory. Results for both plane stress and plane strain conditions are
presented in the form of nondimensional radius and pressure parameters for
veésels having 1,2,3,4, and 5 regions. The results are typical of the grapﬁs
shown in Figures 7-6, '7—7, and 7-8 for five regions in plane stress. The-ra-,
dii to the bounaaries of the various regions are a, b, ..., ri, U & (going
from the inside outward) and the interfacial pressure at these radii are p_.
pb, ‘e ,pi, . .pe. Figui'e 7-6 is a graﬁh of the ratio of the i th radius ri to
the internél radius g versus the ratio of the internal pressure p(_:1 to the yield
strength oa. Figure 7-7 is a graph of the ratio of the interfacial pressure at

‘ : . P
radius ri to the yield strength Ua versus the ratio U—:—' The computational
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Fig. 7-6. Radius ratios squared versus intermal pressure parameter
for five regions in plane stress.

(Huddleston).
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Fig. 7-7. Intermediate pressure ratios versus internal pressure
parameter for five regions in plane stress. (Huddleston).
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scheme does not include the complications of reverse yielding during fabri-
cation. The dashed portions of the curves represent solutions to the assumed
mathemvatical model but are elastically unstable due to reverse yielding.

Figure 7-8 is a graph of the ratioi%versus the number of regions.
The parameter R is the overall outside to insicie radius ratio. The shaded por-
tion of the graph is the region of elastic behavior. It is noted that the inter-
nal pressure does not exceed the tensile yield strength without reverse yield-
ing occurring.

Pressure vessels may also be strehgthenéd by wrapping them with a
high strength wire under tension so that the material near the bore comes un-
der compression. When the vessel is later pressurized the stress hear thé
bore rises frém compression to tension and that in the wire rises to a higher
tension, all within the elastic limits,

The primary present applications of the wrapping technique involve
large-volume thin-walled rocket motor cases (Refs.122-127). Glass fibers
are often used for wrapping such vessels due to their high strength and light
weight. The design pressures in the rocket cases are, however, in the order of
1000 psi which is low compared to what can be contained in a thick-walled
vessel, |

A cascade arrangement can also be used to chtain a high pressure.
Here one pressure vessel is pllaced inside another, with the space bgtween
them being filled with a fluid pressurized to a value less than that in the in-
ner vessel. A major difficulty with such a system is t.hat the size of the in-

nermost, highest pressure chamber becomes rapidly smaller as the number of
Y3
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_Fig. 7-8. Limiting internal pressure parameter versus number of
regions for plane stress (v=0). (Huddleston).
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stages is increased. Bridgman (Refs. 128 and '129) used such a two-stage in
some of his compressibility studies. A more recent application-is for large
volume spherical vesselé for nuclear power reactors (Ref. 130). Here the
vessel.had a large volume (inside radius = 48 in.) and contained water at
600°F pressurized to 1600 psi.

Berman-(Ref. 131) proposes a cascade or coaxial design which he be-
lieves can beused to 500,000 psi. He suggests as many as five coaxial ves-
sels which are separated by a fluid in which the pressure is externally con-
trolled so that ateach pressure eachvessel éustain.s the same maximum stress
intensity based on all three principal stresses. Constant material properties
are assumed. An important advantage of the controlled fluid-fill design is
that materials having a high design stress may be used in the inner layers’
since a large hydrostatic pressure is created at the inner surface at design
pressure. This hydrostatic pressure is about 50 percent greater than that in
a comparable shrink-fit vessel. |

Semerchan and Plotnikov (Ref. 30) describe a Russian apparatus for
generating pulsed jets at 2000 m/sec. The apparatus consists of & pressure
multiplier made up of Fwo coaxial cylinders whose pistons are rigidly inter-
connected. The low'pressure cylinder has an inside diameter of 50 mm and
operates at a pressure of 80 I\/IN/m2 (11,6(50'psi) .. The high pressure cylin-
der has an inside diameter of 10 mm and éperates at a pressure of 2000 MN/m2
(290,000 psi). The highpressurecylinderis a single-layer thick-walled ves-
sel made from steel. It is stated that the stresses in the high pressure c‘y—

linder computed by the usual methods for a thick-walled tube exceed the
. 4
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tensile strength of the material. The high pressure pistoﬁ is made from the
same steel as the cy-l_inder and is hardened to a hardness of Rc = 40—45 . The
seal of the high pressure chamber consists of a set of alternating copper and
lead rings which are subjected to hydrostatic compression by a yoke and seal-
ing nut. The low pressure cylinder was charged with compressed air and is
equipped with a:capping seal which works on the uncompensated area prin-
ciple. This seal consists of a cap pl.ace'd in the piston aperture and a set of

alternating chlorovinyl and textolite rings. The report also describes the

- method of charging and vtrig*gering using a diaphragm burst technique.

Material Considerations

L RPRISL

Recent trends in pressure vessel 'appliéations involving higher pres-

sures, thicker walls and new materials require a detailed knowledge of the

various mechanical properties of the materials which are of importance to the

structural safety of the vessels.

L_anger and Hardin,g (Ref. 132) state that after making a preliminaryde-
cisionregarding the acceptance of one or more materials with respect to their
availability in required size, shape andthickness in adequate soundness, the
ability to be formed or fabricated by convenient techniques and suitability in
oyeréll cost in relétio}; to‘altema;cives, the designer must know the effect of
various mechanical properties on a speqific set of design conditions. The
authors state that tensile strength, yield strength and bfittle fracture strength
are a measure of the initial strength of the vessel, whereas creep strength

and stress rupture strength are indicative of the longtime service of the ves-

sel. The ductiljty of the material, which is usually measured by the percent

—
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elongation andreduction of area in the tensile test, must also be.considered,
StraAin—fatigue resistance and resistance to notch sensitivity give a measure
of the strength of the vessel to withstand alternating loads and temperatures.
The failures of pressure vessels have been classified by Langer and
Harding (Ref. 132) in;co two main groups: a) shear or cleavage failure and
b) failure as fhe ultimate result of excessive plastic deformation. The ex-
tent to which cleavage failure occurs depends on the brittle fracfure proper-
ties of the material which require thg existence of stress, low temperature and
a defective notch. However, excessive preésures .in a ductile vessel beyond
fhe design value result in plastic deférmation.
| As noted by Schwartz, et al., (Ref. 133) the basic assumption of a
fracture-safe désign of the pressure véssel depends on the fact that few, if
any, engineefing structures are free of internal flaws. Such flaws may de-
velop either during the initiai stages of man}.xfactux;e of the 'materi'al or dur-
ing the course of its fabricatiqn. The method o.f fracture-safe design Q—_sin;g
the "Fracture Analysis Diagram" developed by Pellini and Puzak (Ref. 134),
can be applied for steels at temperatures far below the crack-arrest and nil-
ductility temperatures. Care must be exercised to assure that critical com-
binations of flaw size and stress level are not attained or exceeded. This
procedure méy not be applicable to steels which do not have dis.tinct transi-
tion temperature fleatures. Thus, the designer has either to put a limitation
on the' working stress or to use steels of lowerv nil-ductility temperatures.
But Langer and Harding (Ref. 132) Ohave comrﬁented :that this method cannot

be used effectively on pressure vessel design, especially when one has to
;

-~
—

-
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ﬁse a high strength steel, because the available yield strength decreases as
the strength increases.

In their discussion on the strength of thick-walled cylinders, Cross-
land, et al., (Ref. 135) state that before plastic deformation starts the ves-
sel will be initially elastic with the maximum stress at thle core. As the pres-
sure increases the core undergoes the plastic deformation, the outer shell
still retaining its elastic property. As the deformationincreases ' the plastic-
elastic boundary moves outward until it 'reach'es the 'periphery Qf the vessel,
thé expansion being continued at a constant or .coliapse pressure until the

core gains the strengthening effect of strain—hardening. Finally.,' when the

strengthening effect of stréin-hardening becomes equal to the weakening ef-

fect of the reduced wall thickness, the failure of the vessel occurs.

. Langer and Harding (Ref. 132) point out that since the load fluctua-.

tions in a pressure vessel désigned for long time service are uéually olf the
order.of hundreds of thousands, (103 to 10° cycles) rather in millions, which
falls clear-iy into therange of lowcycle fatigue, the term endurance limitloses
much of its significance.

C.F. Tiffany (Ref. 136) states that examinations of the low cycle fa-
tigue failures of pressure ves;els indicate the presénce of either flaws, nOLc};es
or some other érack.line defects at the fracture origins. Mills (Ref. 137)
stétes thatthe fracture toughnesé is believed tobethe importapt material pro-

perty governing therate of growth of these defects. The fracture propagation

from small cracks and defects in mild steel is thought to occur as follows.
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As the fluici pressure is increased the stress intensificationat acrack tip in-
creases linearly with the fluid pressure until at some préssure the crack be-
gins a period of slow growth. During this period the crack extension is self-
limiting in that it will 'not continue unless the nominal stress is ihcreased.'

This fact is a consequence of the plastic deformation occurring at the tip of

-the fracture. The amount of crack extension per unit stress increment in-

creases with stress until finally the process ceases to be:self—limiting and
.crack. extension continues without further increase in stress. At this point
tﬁe propagafion becomes unstable and rapid failure .ensues . To assure against
such a failure j:hese unavoidable sharp flaws or crack-like notches must be
co;lsiderably smaller than the critical sizeat a ‘given operating stress level.

Goodman (Ref. 138) obtained e;;berimentél aata to assistin establish-
ing material selection, design and fabricétiori criteria for reliable lightweight
pressure vessels. Although his work was concerned with miniature thin-walled

vessel (2 in. I.D.) simulating rocket cases, some of his conclusions appear

to be pertinent to thick-walled vessels. Heconcludesthatno simple (coupon)

test can accurately predict the significant biaxial behavior and burst stress
of a given material in an actual pressure vessel, and that material properties
should be performed in biaxial stress fields in which the significant geometri-

cal effects are included. Tensile instability, which is the upper bound on

‘the burst strength, was accurately predicted by a plasticity analysis based

on uniaxial stress-strain data. Aiso, tensile coupons which accompany larg- .
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