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ABSTRACT

Electrohydraulic comiinution wes studied both theore-
tically and experimentally,Factors studied were the under-
water spark path, the resultant shock waves, fracture_me—
chanism, and shape factor and size distribution of the pro-
ducts,The electrical psrameters of an underwsater discharge
from a capacitor were studied theoretic=lly.

It was shown that the underwater spark path preferen-
tislly follows any solid surface between two electrodes.

It has been found that the main fracture mechanism in
glectrohydraulic comminutién is caused by tensile Torees
due to both hoop and reflected stresses,

The importance of more intense shock wave reflections,
which would produce Hopkinson spalling, is demonstrated
with single and multiple spark crushing experiments,

Dependance of energy consumption on the feed size and
physical properties of the rock wes investigated.

It has been proved thet the electrohydraulic comminu-
tion products have better cubic shepe and sherper size
distribution than those of conventional uethods,

Some preliminary tests hsve been performed concerning
selective crushing and liberation.Although the studies on
these subjects are not complete, the test resulis on selecw~

tive comminution with an annular electrode system sre



promising, In addition, a small but significant increase in
liberation compared with conventional methods has been
observed using a pointed electrode system,

Metal wear on the electrodes was determined for ordi-
nary and stainless "silver"tool steel, and compared with

that of conventional comminution,
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INTRODUCTION

It is well known that electrical energy can be stored
in a cavacitor and then rapidly discharged,The electrohyd-
rzulic effect is the name given to the production of a
shock wave of high intensity by the underwater discharge
from a capacitor.

The earlist recorded use of the electrohydraulic ef-
fect(l>was by Svedberg. e produced colloidal metal suspen-
sions by means of a canacitor dischérge through a liquid
as ecarly as 1905,The possible use of the electrohydraulic
effect as potentisl use Pf power was pointed out by Pok-
roveky and Stanyukovic () in 194/, In 1949 Schaaffs (3)
studied the spark discharges in ligquid dilelectrics,.le de-~
termined the resulting dynamic pressures and showed that
a dynamic pressure between 10,000 snd 100,000 kg/cmz
(1:0,000 to 1,100,000 p.s.i.) is possible, and strongly
suggested that the energy of the spark could be used ,for
instance in metal forming.

In 1957 Friingel and Xeller (1) showed that the effi-
ciency of conversion of electrical energy into mechanical
energy can be as high as 50% in the bursting of a contai-
ner of water by an underwater spark,

Fracture of brittle solids by electrohydraulic effect

appears to have originsted with Russian workers,although

some cxperiments were done in the Rescarch Laboratories
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(5)
? § anufecturing Corpn. as early as
6
1852, Tn 1955 Yutkin published his book " The Electro-

of' the Allis~Chaluer

hydraulic Effect" in which he described how electrohydrau-
lic impulses were used to break,cut, and drill rock, to
puinp and atomise liguids, and to hammer metals,

In 19‘2, at the U.X,Atomic lnergy Research Lstablishnent,

- (79‘ 99 10)
at Harwell, Maroudas obtained crushing efficien-
cies lower than those of conventionsl crushers, but higher
than those obtained with previous electrohydroulic crushers,
by reducing thc inductance of the spark circuit to 0.1
microhenries.Further attempts at increasing the efficiency
of electrohydraulic comminution via the electrical para-
(10)

meters scems to have led to diminishing reiturns . Hence
a new cpproach was needed; accordingly it was decided that

a2 study of the mechanism of rock fracture by electrohydreu-

lic comminution might be fruitful,
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CHAPTER I THILORIMTICAL CONSIDERATIONY

1.1 BLECTRICAL PTArRA» KTERS

Elcetrohydraulie eomminution is the method of crushing
in which the rock particles arc fracturcd by shock waves
preduced by underwater eleetric discharges.The underwater
spark is produced by the rapid discharge of a capscitor
across external underwater electrodes, resulting in a high-
ly ionizcd, high pressure, high tecmperature plasnma,

When a spark is produced across undcrwater electrodes,
the Pesultant spark plasma tends to expand., The mechanical
inertia of the surrounding water resists this expansion,
resulting in the development of high pressures, i.e. shock
waves of high intensity,The objcctive therefore 1is to supp-
ly the maximum possible power to the spark channel in the
shortest possible time, i,e. while the volume of plasma
is still small.This implies a short rise timce of current
or shert time constant of the discharge circui}.

As was observed cxperimentally by hartin(lg),the pres-
sure of the spark channcl is of the order of 10,000 atmos-
phercs and the tempersturc of the spark channel is of the
order of 10,000 0K.,( Hartin measured nearly BO,OOOOK at
the moment of pesk current and 8,3CC atmospheres with

5.8 pF , 25 kV as discharge parameters, )

In electrohydraulic crushers the underwater sparks arc
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goncraﬁed by a cilrcuit whose basic elements are shown in
Fig,1l.The equivalent analytical circuit diagram 5F the
shove electrohydraulic crusher is shown in Fig, 2. wherc

A represents the clectricsl values within the capacitor
and charging circuit and B represcnts the celectrical va-

lues of the discharge circuit.The symbols are as follows:

VE =Chsrging voltage of power supply

B =Fower cupply

RChargingZCharging rcsistance

v =Cherging voltage of capacitor

RLeakago =l.eakage reslistance

RC ;Effective total resistance between terminals

LC =Effective total inductance between terminals

S =Switching mecans (Air gap)

CL =Total capacitance of internal conductors in
the discharge circult

LL =Total inductance of intcrnal conductors in

the discharge circuit
RWmte%t> =[iffective resistance of the water gap which
is a function of the time
(14)
The following treatment is based on that of Fringel .

General definition of the efficiency of a capacitor

discharge is given as follows:
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Fig. 2 Equivalent analytical electrical circuit of

an electrohydrauliec crusher,



7L_~.mm,_“ ( Joules) (1)
==
zgo“%“»cevg ( Joules)
where I =average effective current»éur%ngp el

discharge ecyecle
RLoad(tﬂgRWater(t) in casec of underwatcr discherge

For the highest cfficicncy the following points arc importent,
As long as CL<<Cy the RL@akage and  CL have no influence.
R09 LC, RLy gnd LL are of great influcnce and these valucs
should be made as near as possible to zero by proper design,
i.e, such as coaxial arrangements for low inductances and
broad thick conductors for low rcsistances,

It is very important to withdraw the stored cenergy in
the capacitor as a power impulse of extreaely short dura-
tion,The dischsrge time (T) and energy of the capacitor

()]
(_E—,O_V“) give a powcr impulse as follows:

L .C. V"

o

N= ( Watts) | (2)

T
when a rectengular dlscharge wsve Torm 1s assumed.
The total discharge time (T) depends only on (C) and

(14)

i
the inductance of the whole dischsrge circuit (L), if an

\
disregarded,which , in extremely intense sparks,can be
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assuncd to be zero.

TV 1. 0 (3)
where L= LC +LL:
Saboctituting (T) in cquation (2)
1 2 C .
N s Voo /= (L)
Tt is clear from above formula, if C is prcdetermined
1

that thce schievable power is pronortional to
4 (10) VvV L
Maroudas et ail, , assuming that RWater(t) is constant
throughout the discharge, have found that the current dis-
charge has the form' of a damped sine wave of time constant
-%f—= L.C .The demping factor‘%.of this discharge has tho
0

Tollowing Torm:
1 C
%: E;Ro\/i’ (5)

wherc R= RWator(t> + R+ Ry

Critical damping 1s achicved when %:ﬂm As illustrated
theorctically in Tig.3 of ref. (10) the power rclease in
the discharge circuit is 2 function of demping fector E .
It is clesr from the Fig,3 thet the most concentrated re-
leasc in the initisl pcrk occurs Tor vaolucs of damping fac-
tor % ih the renge of 0.5 to 1.0

(7,5,9,10)
flaroudas ct al. also came¢ to the conclusion,
that the high rate of cnergy release which would result in -~

high shock prcssures, can be obtained by low values of

the time constant VIL,C  .Sincc the capecitance is a factor
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in the total cnergy, efforts were dirceted to obtaining
(8)
low values of inductsnce, Marondns calculsted the maximun

ressure generated on the discharge channel boundary using
(15)
a formula which was dcoveloned by Zingermann assuming

to

the curvce of nower relesse versus time has triangular form
instead of ewponentisl Torm,
o 2. W -
P o= AN (Kilobars) (6)
where A = dimensionless cowplex integral function 5
approximatcly cqual to 0.7
p = density of the liguid
W = energy deposited per unit length of the,

gap, Jjoulcs/cm

© = duration of the front

T = duration of the first cycle
By substituing
§ oo GV
¥ ~‘“1

.Where 1 =length of the water gap

and optimum valucs of

6= 1,2VL,C and
T =3 VL.C

which are corresponding to a nesrly damped discharge,

an estimate of P is obtainced,

v

P = 0,82 (Kilobars ) (7)

where Vo (kV)



Lo (p)
1 (cm)

The importance of low inductance in obtaining high
pressures from underwatcecr discharges is made clear from the
above eqguation.

(16)

Yutkin et al. calculated the pressure on the dis-
charge channel using cxperimentel values in the Zingermann
formula, The pressurc, as derived: functions of capacitance
(C), inductance (L), length of the sperk gap (1), and dis-
tance to the axis of spark channel (8) is shown in Fig.h

of ref., (16).From the Fig.! the importance of low inductsnce

in obtsining high pressurcs 1is agsin clear.

1.2 UNDaRWATR SEARK PATTH
uring the pnast ten years almost all workers on elcctro-
hydraulic comminution have used pbinted electrodes for ini-
tisting the underwster sparks. The path of the sparks veas
either not considered or assumed to be a straight line,
possibly with branchss, It wos not discribed precisely, es-
(13)

pecially in presencce of solilid particles.Martin in his
research on high nressure arc plecsma , mode some observa-
tions on the spark path using an 11 FF capacitor for his

circuit, At low voltages, 4 to 10 kV, and low water tempe-

ratures - up to 15°C - beforc the breakdown, spherical
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structures were forimed on the tips of the electrodes.The
‘sphere on the positive electrode was always larger, There
was no detccteble mechanical distur»ance in weter indica-
ting that thc spheres did not represcent an apﬁreciahle
chonge in the water deneity.If & dielectric barrier was
inscrted between electrodes the spheres grew very lorge.
whilst doing sco they refuscd to contact a solid surface.
The breakdown path alwayvs appearcd to terminate at the
center of spheres.He interpreted the spheres as regions

of spontancous electrical polarization.’ t higher volteoges
- 20 XV or morc - the sphercs were not formed.Both e¢lec-—
troces produced branches,When a conducting path was estab-
lished, the unsuccesful branches became doruant, e conclu-
ced finslly that the spark peth is unpredictable even in
homogenous fluids,

When solic particles are present around the electrodes,
as 1is the case in clectrohvdraulic comminution, it is clear
that a smark path would not be a straight line, since there
igs a high probabilitv of direct chstruction by s0lid par-
ticlés on assumed'spark path, Furthermore it is highly nro-
bably that the spark would Tollow any solid surface which
contacted two clectrocdes snd provided a certain conductivi-

1

ty bhetwcen themn, provided.that the particles to be crushed,

and the electrodes, heve the right size and shape,
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1.3 SHOCK WAVES PRODUCED BY UNDIERWATER SPARKS

If the undcrwater spark pnath is assumed to be a straight
line as an idcalized foru, initially a cyliadrical shock wave
front is wroduced, walch becomes more spherical as it ex-~
pands,

A shock wave can create both diletatinnal (longitudinel)
end distortional (shear) disturbancce in an elastic mediwi,
In longitudinal disturbances the particle motion at the
front of the disturbancec is parallel to the direction of
propagation of disturbance, particle motion bcing in the
samme direction for compression and in the opposite direction
for tension.In distortionnl (shezr) disturbances the »nartic-
lc aotion is perpendicular to the direction of propagation,

The velocitics of longitudinal and shcar weves arc given

(17)
by the followin~ formulae L
1/2
pe |2 la22) (8)
p. (149)
where C] = velocity of longitvdinsl wave
K = bulk modulus of rneddwa
P = density of medium
Y = Doisson’s ratio of mecdiuw
1/
G
Cm: (-—'— (9)
b P
where C, = velocity of shcar wave

13
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G = rigidity modulus of mediunm
P = density of medium

The velocity of shesr waves (CS) 1s usually onc hsl?f
of the longitudinel velocity (CL),

Tongitudinel waves arce of primary importance in the
production of fractures in clectrohydraulic comminution,
hecausoe:

2, They have highcer velocities than shecar waves,

b.They &are capable of producing tensile stresses within
the bodies.

c,1he shock weve 1s not directly transmitted to most
of the solid particles in the vicinity of the spark.i.e,
The shear waves could not be transmitted by the water sur-
rounding the rock particles and conscguently only longitudi-
nal wsves would be transmitted to those solid particles,

A solid particle in water, subjected to @ normal lon-
gitudinal plane wave, is shown in Fig.h. The compressive
stress of the weve which reaches the solid body from the
spark is éhﬁThis stress divides into two components at the
first interface betwecn water and solic body‘(interface
water/solid), One component is the reflected compressive - -
stress CSR? and thc other component is the transmitted
stress é)Tr.This latter transmitted longitudinal strcss

wave travels within body and rcaches the second interface
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(intorfacc soli@/watcr),During transmissi@n; 6Tr loses some
of its Qriginal intensity, dcpcnding on the distance which
it has trovelled anc the absorption factor of the body me-
e

terial.Let this attcnuated nulsc now be ecalled 6qkﬂﬁj the
interfacc soli@/ﬁatcr 6;r divides into two components;%hc
one component is the rcflectced tensile stress CS; and the
other is -transmitted coupressive stress <5ﬁ,

“he formulsc for reflected and transmitted stresses,

‘ (17,18)
for norusl incidence are as follows :
R == s 6:[ (10)
p2.02+pl,01

The resultant sign in the s2bove formula indiceotes the
type of the reflected stress (+ for compression, - for

tension).

. 6 (11)

where &, = intensity of the stress of shock wave

o~
i

intcnsity of the strese of reflceted wave

6¢WF intensity of the stress of transmitted wove
p,9p9901,00 arc the respective densities and ve-
Jocities of prop-gation of eclestic disturbances

in two nmntcrisls,
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mwore complex relotionshins cdeseribe the reflection of
en clastic wonve striking sn interfoce obligquely. In gencral,
cilither longitudinzl or shear waves will generate reflcected
and transmitted waves of both types, with the original c-
nergy being pertitioned between them, Additionally, when a
longitudinal wave strikes an interface, Reylceigh surface
waves might be generated. However the amplitude of a Rayleigh-
weve is apprecicble only ncar the surfacc of the body.

Vthen a longitudin~l znd o shear wave front src genera-
ted simultrneously on a soliA surfrece, the so called von
Schmidt hcad waves are produced (Fig.6).Von Schmidt head
waves are planc shcar waves and have been observed by seve-

(20,21)
ral workers +A theoretical attempt was made by Sau-

(22)
ter to explain their forustion,

1.k FRACTURT »#CHANISH IN ELEC" ROHYDRAULIC
COINUTION

2 s0lid body can be subjected to the shock wave produ-
ced by an underwster spark in two ways:

1., The shock wavec would bo transmitted to the solid,
by a water layer surrounding it,This implies:

a, Attenuation of the longitudinal stress wave reaching
the solidé perticle,

b; Shear stress waves cannot be transmitted to the so-

1id particle,



2, The shock wave would be genercted on the immediate
surfoce of the solid body.In this casc:

g, Yo losscs duc to attcnustion in wster would occur
for longitudinal stress wave,

b. Bhcar woves arc also pfoduced in the solid body re-
sulting in von Schmidt hcad weoves,

Blecdtrohydraoulic crushing is 2 mcechsnism in which either
casc could occur,

I. When & solid body is struck by longitudinal wave,
it is zubjected to'four sorts of stresses,

(1) Norumal compressive siress of longitudinal wave
front.

(ii) Hoop stress, as in & pressurc vessel, duc to ex-
panding cylindricel weve front of the compressive stress of
longitudinal wave within the body.

(1ii) Becflected tensile stress of the longitudinal weve
at solid’/water interfoce, which would producc Hopkinson
spalling.

(iv) Compound tensilc stress concentrations, due to
reinforcoment of reflections from the corncrs of the solid
and to the‘interfcrences among tensile and shesnr strcesses,

.Theoretical considerations were taken into account
by the author in order to find the most likely mode of

(12)
fracture .In this trcetment the shock wave source is



ccouncd to bc on the solid surface and it is assumed further
that no shear stress is generated by the source,Briefly,
when a cubic shape , i.e., a square section is considered,
it is concluded that the most likely mode of fracture is
due to hoop stress, on the following grounds:

a, The compressive strength of the rocks is about 20.
times higher than their tensile strength, thus discoun-
ting initial failure due to comressive stress,

b.In Fig,7 the total hoop tensile force T across

hoop’
the unit section, which is produced by the cylindrical com-—

I
pressive wave front, as in pressure vessel, is:

_1
Thoop™ 2,a,p (12)
where a = diameter of wave front

p = compressive pressure of the wave front at

distance a/2 from the source
The hoop stress distribution along the section is not
uniform, being highest at the source,

In Fig.8 the tensile force T exerted by a

Hopkinson
reflected wave across the unit section, which is highest at

the half the wave length assuming a triangular wave form,

is:
- ap (13)
THopkinson_ 8. p
where a = length of section’
P = average resultant tensile stress intensity

of the reflected wave front at half wave length
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Fig,7 NBoop tensile force in a square section which is
‘subjected to a oylindrical shock wave front.

En
4

Hopkinson

Wave [front

. Source of shock wave
Fig.8 Reflection of a cylindrical shock wave front at

the opposite face to the source,in g square
section, neglecting the reflections at the sides,
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Tensile stress distribution along the section is not u-
niform being highest in the middle, since the reflected wave
front is not planar,

When T and T

hoop Hopkinson &¥¢ compared with each other,

assuming half the wave length is smaller than the size of
specimen it would seem from equations (12) and (13) thst

is -fggjq;eé_{eh;;fffﬁanr; T .But, even 90° angle

THopkinson hoop®

of incidence, for example for glass/water interface, the
coefficient of reflection is 0.5 (for a longitudinal wave
at 20 kbar).For angles other than 9OO, shear stresses are
reflected, (For example for a material of Poisson's ratio
0,25, the angle of incidence ranging from 60° to BOO,
practically all the energy goes into shear wave)

Considering also the attenuation of the intensity of
the wave during transmission and the impbssibility of ref-
lections deﬁeloping their peak pressureé along a curved
wave front at the same time, because of varying distance
to reflection points, it would appear that the hoop ten-
sile stress is the major source of fracture
of particles,

2. The geometry of the specimen and the type of the
loading are very important parameters influencing the fi-
nal fracture modéoThus when the shock wave is produced on

the surface of a s0lid body a shear wave also is generated
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within the body, accompanied by von Schmidt head waves,
Von schmidt head waves are plane shear waves, which are
capable of producing shear fracfureso(Fig,6) Hence if the
size of specimen is taken semi-infinite, the radial ten-
sile cracks due to hoop stresses would be generated in
combination with shear fractures.The resultant likely
fracture mechanism is seen in Fig.9.

It is clear from Fig,6 that
g

P

AB

sinck =

Assuming that both longitudinal and shear shock wave
fronts are generated on the surface

AC = t.C

S
A8 = t.Cp
where t = time
CS = velocity of shear wave
CL = veloclity of longitudinal wave
Putting these values in the above formula
sinck = —9-3-
L

Then substituting the values of CS and CL Trom the
formulae (8) and (9)
3.5 (1-9)/P. (1+3)

sin X =,
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Fig. 9 The combination of shear and radial fracture,
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After simplification

/123" ()

sino =
AVAPRP
where » = Foisson's ratio

It is clear from above formula &« is a function of
Poisson's ratio of material only.

The depth of radial tensile crack LR would be a func-~
tion of elastic and sonic properties of material,such as

modull of elasticity and absorption factor among others.

1.5 SHAPE FACTOR IN ELECTROHYDRAULIC
COMMINUTION
(12)
It is fairly well established that the chief

cause of fracture in electrohydraulic comminution lies in:

a, Radial fractures due to hoop stresses and

b. Hopkinson spallings due to reflected tensile waves,

Since both these phenomena are central to the produc-
tion of cubic fracture it will be described in more detail.

- An elongated rectangular prism (i,e. a '"flaky" particle)

is taken as a feed narticle and loaded by a cylindrical
shock wave front from the underwater spark,There are then
two extreme positions corresponding to the two possible
mechanisms of fracture described below,

a. Radial Fracture

In Fig.10 the prism loaded such a manner as to give
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radial fractures due to hoop streeses,When the pressure in
the shock wave front is very intense, additional radial
fractures are produced,; starting from initial impact po-
int.However, there is a critical threshold intensity of
shoeck pressure in which the hoop stress is just enough to
cause one central radial fracture,After this fracturec, the
prism is divided into two prisms, each one being much less
clongated than the feed prism.If the resultant prisms are
loaded in a similar fashion then after further fractio-
ning thce resultant prisms become more and more cubic,

b, Hopkinson Spslling

In Fig.1l1l the prism is loaded in such a manner as to
give Hopkinson spalls due to reflectcd tensile stress,The
thicknecse of the spalls "a' and the number of spalls are
a function of the wave shape, wave length, prcssure at the
shock wave front and dynamic tensile strength of the mate-
rial,Let us assume that one spall of certain thickness on-
1y is produced,After the first spall the resultant prisms
are less elongated, and if the main prisms continuec to
be loaded In the same manner, then after a further one or
two stages the products become much more cubic,

These two extreme cascs of loading mechanisms, with
perfect rectangular shape of feed are, of course, not en-

countered in the practical crushing of irregular feed
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particles,It is probable, however, that experimentally the
average crushing mechanism would approximate to either of
the above extreme cases, so that eventually the product
from an electrohydraulic comminution device would consist
of "eubie!" grained, i.e. statically isometrical particles.
For example ?1g°12 shows an irregular elongated specimen
of flint, which has been broken into two "equidimensio-
nal" fragments by radial fracture,

By contrast,when the mechanism of fracture in conven-
tional compression is examined, it appears that the pre-
domlnant fracture pattern im this case is caused by shear
stresses, A familiar breakage model, for static failure
under uniaxial compression loading,is shown in Fig,13,
This is known as Smekal's fracture pattern(34>,lt is clear
from Fig.1l3 that the resultant fragments are not likely

to be cubic, but on the contrary are more likely to be

wedge shaped prisms,

1.6 SIZE DISTRIBUTION OF PRODUCTS
It is a familiar dbsérva*ion in rock mechanics that
after strength-testing of regular dimensioned rock speci-
cimens, the fracture surfaces of tensile specimens are
clean cut ; wheresas on the contrary, the fracture surfaces

of compression rock specimens are powdery due to shear






Uniaxial loeding

! !

T T

Fig.13 Compression breakage-~
Idealized fracture pattern



29

failure, In conventional crushing the particle fracture
is mostly caused by‘compression and resultant shear stres-
ses, by direct shear forces, and by sliding frictional
forces after primary failure, all of which obviously pro-
duce fine particles.In contrast, in electrohydraulic com-—
minution the main fractures were found to be caused by
tensile stresses, either hoop tensile stress or reflec-
ted "Hopkinson" tensile shock waves.Since failure is thus
caused by tensile forces it is reasonable to assume that
in principle electrohydraulic comminution devices should
produce fewer fine particle, i;eo sharper cut-off in the
tail of size distribution curves, than would conventio-
nal crushing,

Furthermore, electrohydraulic comminution can be very
gimilar to single "free crushing" of particles which would
produce sharper size distributions In the author's design

of electrohydraulic crushers, the particles which are sub-

jected to shocﬁ waves always have a high probability of
escaping from the vicinity of the spark before the suc-
ceeding pulse, and consequently only the as yet unbroken

particles are subjected to subsequent pulses,
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CHAPTER II EXPERIMENTAI RESULTS
2,1 SPARK PATH IN ELECTROHYDRA&LIC COMMINUTION

The electrode arrangement shown in Fig.1lh was used in
the experiments ,since in the pointed e¢lectrode system
there was no possibility of following the spark path with
s simple observation: system,In Fig,1lly the high tension e-
lectrode is a circular plate and the earth electrode is a
concentric ring,The sparks occur randomly in the annular
space between electrodes, if there are no solid particles
present,

The observatlons on the spark path originated in a se-
ries of experiments which were carried out in order to ob-
tain the energy relationship versus average feed size for
various rocks, with the above electrode arrangement.The
trend showed a decrease in energy consumption (both Bond's
index and Joules/bmg) with a decrease of average feed size.
This result was contrary to expectation and was first att-
ributed to a more efficient filling of the vicinity of the
electrodes, i,e., an increase in the probability for direct
sperk impact on the particle,(It had hitherto been assumed
that sparks would occur at random in a more or less straight
lines between the electrodes, and thus would only occasio-
nally strike a particle directly., )It was decided to eliminate

the random occurrence of sparks by choosing the arrangement
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shown in Fig.1l5, in an attempt to obtain a further increase
in comminutior efficiency.Using this arrangement the spark
always initiated from the pointed end of the high tension
electrode nearsst to the earth ring, and single feed par-
ticles were manually placed in the electrode gap for each
pulse, Surprisingly, the efficiency was not ihcreased, in
fact a slight decrease was observed,

Hence it was concluded that the previous assumption
of random occurrence of sparks was not correct in the pre-
sence of solid particles.On the contrary, for a given num-
ber of sparks, each pulse must have been in direct contact
with at least one feed particle.,To prove this hypothesis
only one rock particle was placed in contact with two e-
lectrodes shown in Fig,1llL, on each occasion,The sparks
were observed visually and from the damage caused to rock
particle, it was.seen that the sparks always followed the
rock particles,Similarly, using smooth-surfaced synthetic
rock specimens,(a mixture of quartz sand and epoxy resin),
it was proved further that the sparks were following the
immediate surface, since after each spark some mechanical
damage was observed on the surfaces of these synthetic
rock specimens, with accompanying burning of the resin on
the spark track.The same arrangement was again used, this

time with a fine copper wire (193 microns in diameter),



32

which exploded on spark discharge.,In each case only slight
damage was observed but no burning in the epoxy resin mat-
rix,Similar results are reported in Chapter 2.2.1.6 ,These
two findings are explained in the following way:

(i.) In the exploding wire case, a very thin layer of
water was protecting the epoxy resin surface, resulting in
effective absorption of both the distortional (shear) wave
and heat wave which are produced by the spark.

(ii.) In the bare underwater spark case however, there
was no absorption,i,e, sparks were formed in direct contact
with epoxy resin matrix,

A Turther type of experiment was carried out,Two so-
1id specimens of different conductivities and/or rough-
nesses, such as chalcopyrite and synthetic rock, were pla-
ced across the annular electrodes at the same time and one
spark was discharged,

It was found that:

(i.) The spark would follow the more conducting sur-
face,

(ii, ) The spark would follow the smoothest surface
which would provide the shortest distance, if the other
parameters were the same,

Table 1, shows the experimental resulis,
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Table 1. Selectivity of spark occurrence with various
pairs,
0.1 uF, 30 kV discharge voltage,
1 cm, underwater gap length ,

demineralised witcr discharge medium

Type of pair Spark occurrence Diagnosis
Chalcopyrite versus Chalcopyrite |[Chalcopyrite is
synthetic and natural conductive

rocks(Flint,Limestone,
Felsite,Sandstone)

Synthetic rock versus Synthetic Synthetic rock

natural rocks (Flint, rock has smoothest
Limestone,Felsite, surface
Sandstone)

Smooth surfaced syn- Smooth sur- Smooth surface
thetic rock versus faced synthe-

rough surfaced syn- tic rock

thetic rock

Flint pebbles versus Flint Smooth surface
natural rocks (Gra-
nite, Felsite,

Limestone )
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2,2 FRACTURE HMECHANTISM IN ELECTROHYDRAULIC
COMMINUTION:

Experimental results concerning the fracture mechanism
are published in ref,12, Therefore the previous findings
are discussed only briefly, The new findings and some modi-
fications are explained in detail, |

2.2.1 EXPLODING WIRE TECHNIQUE

Using this technique, the cylindrical shock wave front
was generated by exploding copper wires of 36 s.w.g.‘(193
microns in diameter) in the experiments,

Although the exploding wire technique is not comple«
tely similar to actual electrohydraulic crushing mechanism,
it has three main advantages:

(i.) The length of the cylindrical shock wave front
is increased up to L4 cm, compared to 1 cm, for the bare
spark for the same energy level, which allows the use of
specimens of recasonable large sizes,

(i1, ) Straight linc shock wave source was obtained.

(iii,) The position of the spark on the specimen,i,e.
the position of the shock wave source on thc specimen, was

arranged reasonably accurately,

2.2,1.1 EXPERIMENTATL EQUIPHMENT

Briefly, the experiments were designed to study frac-
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ture patterns produced in speccimens of regular geometry
and uniform mechanical properties.A synthetic rocklike ma-
terial was mainly used, consisting of graded quartz sand
and epoxy rcsin.

The clectrical pulse was generated by two capacitors
(each of 10 kV, 20 pF) connected in scries,The circuit was
similar to that shown in Fig.1l . In the experiments, the
eglectrical loop between capacitor and underwater electrodcs
was kept reasonably small in order to reduce inductance,

The crushing chamber used in éxperiments is shown in

Fig.16 .,

2.2,1,2 INTERNAL LOADING OF SPECIMENS

Cylindrical, square, rectangular and triangular prisms
of synthetic rock were used in the experiments,The specimens
had holes along their axes,The exploding wire was either
placed 1In the hole and confined by water around it, i,e.
distortional (shear) wave would not be transmitted, and
a part of longitudinal wave would be transmitted through
water layer, or else it was tamped inside the specimen du-
ring casting to obtain more effective confinement,i.,e, lon-
gitudinal and distortional (shear) wave would be transmitted
to the surrounding specimen completely,

Fracture patterns in square and triangular prisms are
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shown in Pig,17 .

The findings for internal loading of spccimens werc
as followss

1. All fracture patterns show a remarkable radial sym-
metry. The main cracks seem to have traversed the statical-
ly weakest radial sections of the specimens,These lines of
fracture are analoguus to those caused by hoop stresses in
the static loading of a ecylindrical pressure vessel, The
propagation of the cracks is from the centre.i.e. the
highest hoop tensile stress in dynamic loading occurs
nearest to the axis'of the cylinder, as in the static loa-~
ding of the pressure vessel,

2. Signs of compression damage i.e, pulverised mate-
rial, attributable to a purely compressive shock wave or
to the shear wave in combination with compressive 1ong£~
tudinal wave, were not detectable,

3, The intensity of shock wave front is a factor in
initiating the cracks and determining the number of cracks,

L4, The exploding wire technique gives results similar
to %hose obtained in a larger scale in rock-blasting,ex-
cept that there were no signs of a "crush zone" around
the wire,However, both "critical fracture of crater"

and '‘pre-splitting' were reproduced,
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2.2,1,3 EXTERNAL LOADING OF SPECIMENS

Experiments were performed by placing the exploding
wire on the external faces of square , rectangular, cylin-
drical and trisngular prisms,In cach case it was assumed
that a thin leyer of water between exploding wire and spe-
cimen existed, i.e. the shear wave would not be transmit-
ted and a part of longitudinal wave would be transmitted
through the water layer.Thercfore, the formation of plane
shear waves (von Schmidt head wave) would nét be expected,
although a plane surface is provided,

The findings for external loading of specimens were
as follows: |

1. Radial creacks due to hoop stress and Hdpkinson
spallings have been ovserved, varying with loading faces
and geometry of specimens,

2, The intensity of shock wave front is a factor in
initiating both the raéial cracks and the Hopkinson spalls
and in determining their number,

3. There were no signs of corner fractures, scabbing
or compression damage, hence reflected tensile waves play
a minor part in electrohydraulic crushing, unless they
can be intensified by proper mecthods,

Photographs of a radial crack and a Hopkinson spal-

ling are shown in Fig,18 .






2.2,1.h PRODUCTION OF HMORE INTENSE REFLECTED
TENSTILE WAVES

The efficiency of reflection is an inmportant parame-
ter in the production of higher tensile stresses.For this
reason the reflection coefficient should be inereased.
Thus, referring to Fig.5 in Chapter 1.3 , medium 1 would
be water, medium 2 would be rock and 3 air.,Because of the very
low impedance of air ( p.a = u,lo‘“) the reflection coef-
ficient iﬁR/é% is almost unity, i.e. practically the whole
intensity of the wave is reflected.

Briefly, a square prism was subjected to the pulse,
while the prism was only half immersed in water. Intense
reflected tensile stresses and their concentrations resul-
ted in a product of many fractured fragments,A similar prism
was subjected to a similar pulse while completely immersed
in water;This time the prism was found to be without any
completed fracture,

A rectangular prism was subjected +to the pulse in the
same way while only half immersed in water,Two Hopkinson
spalls were produced compared to one spall when conpletely
immersed in water, thus indicating a2 doubling of the ref-

lection coefficient, These results are shown in Fig.19 .
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2,.2.1.5 FRACTURE MECHANISM WITH SIMULTANEOUS
MULTIPLE SPARKS |
It was found that as many as three separate copper
- wires would explode simultaneously with one capacitor
discharge (10 PF, 10 XV discharge voltage).This phenomencn
suggested some experiments to observe the result of inter-
acting cylindrical shock waves,

a., Internal loading with simultaneous multiple sparks:

Rectangular prisms of synthetic rock with two symmet-
ric holes parallel to the axes were fractured by placing
two exploding wires in the holes, while the specimens were
immersed in water.From the fracture patterns it seems that
the main fractures occur along the lines of concentration
of hoop stresses due to two cylindrical shock wave fronts,

The fracture patterns are shown in Fig.20 ,

b, External loading with simultaneous multiple sparks:

Rectangular prisms of synthetic rock were fractured by
placing two exploding wires cither on one face or on two
opposite faces separately,The resultant fracture patterns
are shown in Fig.21 .In (a) two shock wave fronts were in
the same face.Reinforcement of hoop stresses resulted in
radial fracture.In (b) two shock wave fronts were in the
opposite faces,Reinforcement of hoop siresses resulted

again in radial fracture.In (c) the shock wave fronts were
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in the opposite faces,Reinforcement of reflected tensile
waves produccd Hopkinson spalls.Right hand spall was frac-
tured into two due to intense reflections at the solidfair
interface,

From these fracture patiterns, it scems that both the
hoop and Hopkinson stresses duc two separate cylindrical
shock wave fronts can reinforce each other,Thus, two
shock wave fronts of low intensities, which cannot produce

fractures alone, might produce fractures after reinforcenent.

2.2.1.6 COMPRESSION DAMAGE

The so-called compression damage (Fig.9)9 which is the
combination of radial fractures due to hoop stresses and
shear fractures due to von Schmidt head waves, would not be
expected, since the generation of von Schmidt head Waves
was not possible for the following reasons:

2, ;n most cases a thin layer of water Was surrounding
the exploding wire, which cannot efficiently transmit
shear waves to scolid bodies,

A b, When the exploding wire was surrounded by solid
(epoxy resin ,or synthetic rock itself) * < shear waves are
“transmitted to the solid; but the necessary condition,which

is the providing of a plane surface for the produced lon-

gitudinal and shear waves, was not present,
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To investigate compression damage with exploding wires,
two types of experiments were performed, In first case the
exploding wire was placed on the synthetic rock specimen
suarface and exploded while the specimen was immersed in
water,No practical damage was observed.In the second case
the exploding wire was placed on the surface of specimen and
exploded while the spceimen was in air,A damage chamnel of l.mm.
diameter along the source was dbserved;It seems that the
above damage might have been caused by heat wave, which is
not absorved fully by surrounding air layer,Presumably
explosion gases are cooled and sbsorbed more rapidly in

water (first case) , than inm air (second case),

2,2,2 BARE SPARK TECHNIQUE
Bare sparks were used especially to investigate shear
fractures, after results of investigations on the spark
rath, Furthermore, bare sparks are more effective in elec-
trohydraulic comminution than the exploding wire explo-
sions ,due to better coupling of shock waves,
("Bare spark" term is used in the text for defining

an underwater spark in which the exploding medium is water. )

2,2,2,1 INTERNAL LOADING OF SPECIMENS

The synthetic rock specimens similar to those used in
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exploding wire technique but smaller, were fractured using
the same apparatus (Fig,16), The pointed electrodes werec
placed>in the holes in specimens and the spark discharged
between them,Similar fracture patterns to those of exploding

wires were obtained.

2,2,2,2 EXTERNAL LOADING OF SPECINENS

The apparatus shown in Fig,25 was used in the experi~
ments with electrode arrangements which are shown.in'Figs,lu
and 15 ,The ecapaeitor used in the experiments was of 0.1 pF
35 kV charging voltage.The synthetic and natural rock speci-
mens of small size were fractured,Although not so perfect,
the fracture patterns were similar to those obtalned with
exploding wires.Complete and incomplete radial cracks due
to hoop stresses were obtained, as were Hopkinson spalls

due to reflected tensile stresses,

2.2.,2.3 COLPRESSION DAL.AGE
To investigate the compression damage, the bare sparks
were discharged on the synthetic and natural rock specimens
of éemi—infinite size,as explained in previous Chapter
2.2,2.2 with the same experimental equipment,In the rocks
of moderate strength (Limestone and wenk Sandstone) slight

but definite compression damage were observed after one
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pulsc, as predicted in Chapter 1.4 (Fig.9).The most frequently
encountercd form of damagé is seemr in Fig.22 .The clear cut
radial cracks due to hoop stresses are visible in the so
called craters,Shear fracture was shown by the powdery appea-
rance and material was weakened at the fracture surfaces,

(It would be easily scratched by 2 knife). In the strong
rocks (Granite, Quartzite, strong Sandstone) no appreciable
damage was observed after one spark.But the material along
the spark track changed its appearance, i.,c., its colour,

When it was scratched by a knife a weakening was apparent,
After several sparks, shallow crateré were FTormed, but

without showing apparent radial cracks.

2.3, ENERGY CONSUMPTION IN ELECTROHYDRAULIC
COMMINUTION

There are three main so called "laws'" of comminution
(23) (24) (25,26)
namely those due to Rittinger , Kick , and Bond .

According to these laws, work input should be proportional
to new surfacc produced , particle volume for a given reduc—

tion ratio , or crack length respectively,In fact, energy

(27,28,29,30)
consumption depends, very much on initial feed sigze SN

(29)
final product size , Size distribution of products, energy

(29,30,31)
concentrations and type of applied forces during

crushing,i,e. type of crushing machine.Among the three laws
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the Bond's law is more practical and gives more constant
values of work input for chosen material with a given machine,
in constant test conditions, with relatively wide ranges of

initial fced size ,Thercfore the Bond's Index,

(B.T. = w.—YR == (15)
<R - 1 100

where W = cnergy consumption , kWhg/fon
R = reduction ratio, £
F = BO% passing fced s?ze microns
P = 80% passing product size microns )

is chosen mainly for comparisons in different test condi-
tions and with conventional comminution, ( In the calcula-
tions of Bond's Indexes, R is taken as 2 ratio betwecen
average feed and average product size, since in all expe~
riments scalped feeds were used. )At the same time however,
the surface energies which are computed by determining
mathematically the new surface areas produced from the size

distribution graphs, the Kick's constants ,

(K = -2 (16)
log R _
where W = energy consumption . kWhg/%on
R = reduction ratio , —%}—
F = average feed sicze
P = average product size )

feed size, average product size, reduction ratio, energy

consumption per ton crushed products, were also guoted
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beadde Bond's Indexcs in the tablcs,

At present the cfficiency of electrohydraulic commi-
nution is low.In general, if Bond's Indcxes are considered,
electrohydraulic comminution is about 3-10 times less ¢ffi-
cient than conventional comminution, In practice, the compa-
risons with conventional crushing vary videly with thesec
three laws,This is understandable, since all laws havc some
assumptions (32)y such as certain size distribution of crushed
product.Even in conventional comminution size distributions
of products vary with the nature of rock and also from one
type of machine to another(BB),In electrohydraulic comnmni-
nution, as it will be shown later, the slope of size distri-
bution curves of the products in log-log plot are always
stecper than those of conventional comminution,i.e, less
production of fines, Therefore the energy consumption would
be very much in favour of conventional crushing if the
Rittinger's law is taken as the basis of comparison, since
the fine particles contribute considerably to the surfacc
area production,

On the other hand, for economical reasons, if very fine
particles are considecred as a waste of material, as it is
in very wide range of industrial operations,i.e. in concen-

tration processes of ores, in coarse aggregate production

from the quarries, the cenergy consumed in these particles
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shouldbec considered also as a loss of encrgy.Hence in these
applications clectrohydraulic comminution could actually be
more efficicnt, since lcss cnergy goes into fines,

Briefly, at present , there is no sound comparison
basis, not only for scicntific but also for economic
purposes. Therefore it is suggested that in the last resort,
the requirements for certain typas of crushed products in
various industries , would form the set of bases for compa-
risons, Thus, the energy consumption in electrohydraulic
crushing might represent higher cfficiency in onc appli-

cation, than in another.

2.3.1 THE EFFECT OF ELECTRICAL PARAMETERS ON
THE EFTICIENCY OF CRUSHING

In the prescnt studies the electrical parameters were
not investigated, since:

a, The research on this subject(6’798,9) was already
available, though not cxtensive,

b. The necessary equipmnent for the studies of electrical
paramcters was not available,

The one well known criterion, as is demonstrated theo-
retically in Chapter 1.1 is to provide low inductance in the
discharge circuit for better electrical efficiency,ilaroudas

(7,8,9)
et al. have made crushing experiments using coaxial
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arrangements to obtain lowcr inductances,It was found that
the comminution efficiency was incrcasing with deereasing
values of inductances, i.,e, with increasing electrical
efficiency,

In the discharge circuits used in the present studies,
coaxlal arrangements for low inductances, broad thick
conductors for low resistances, and relatively large
under water gaps for good damped discharge, werc used in
order to obtain as high as possible electrical efficien-~
cies. (Figs.3 and L) The inductance of the circuit used with
the crushing chamber shown in Fig.16, was found from oscil-
loscopc measurements to be about 1-2 microhenrics,An attenpt
was also made to determine the inductance of eclectrohyd-
raulic crushing device shown in Fig,25 but without success
due to heavy interfcerence on thc oscilloscope screen,

It can be assumed however that the inductance was far
lower than sbove value of 1-2 microhenries, since complete
coaxial arrangencnts and the shortest possible conncctions

were usced in the design of the device,

2,3,2 THE EFFECT OF MORE INTENSE REFLECTED
TENSILE VIAVES AND THEIR PRODUCTION
As iIs demonstrated in Chapter 2.2,1.L the cocfficient

of reflection is an important factor in the production of
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reflected tensile stresses,After providing a solid/air inter-
face for reflections of shock waves, the intensity of reflec-
ted tensile wave is almost doubled, as indicated by the
nunber of Hopkinson spalls,

In order to invegigate the comminution efficiency of
morec intense reflected tensile waves two types of experiments

were performed,

203.2.1 SINGLE SPECIMEN EYXPERIMENTS WITH
EXPLODING WIRE TECHNIQUE

The exploding wire was held between two slices of the
specimen, with either a very thin layer of water and an
clastic band, or else by a thin layer of solidified epoxy
resin, The crushing chamber shown in Fig.1l6 weas used with
two capacitors of 20 pF each connectcd in scrics., The speci-
mens of synthetic rock, a sandstonc,and a granitc, were
fractured in thrce different ways,

(i.) Completely submerged in water,

(1i.) With the lowecr half submerged in water and the
uypper half in contact with air,

(iii,) With all the outer surfaces completely in air.

The fracture patterns were observed as follows:

(i,) With the spcecimen completely in water the frac-

ture pattern was usually either a single split or a cross,
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except with granitc which was fractured into coarse fragﬁ§nts,

(ii.) With the specimens helf in air, half in water,
the slice of spccimen in contact with air was crushed into
many many small picces, while the underwater slice of spcci-
men was fractured into two pieccs only, except the granite
which was fractured inte fine fragments,

(i11.) With specimens completely in air, they were all
broken into many small pieces, with some fines,The granitc
produced most fines,

In Table 2 the energy consumptions for granite, in
terms of Bond's Index, Joulea/cm2, and Kick's constants
arc shown,

It is clear from Table 2, that the all threc laws
of comminution indicatc increassd comﬁinution efficienéy
with increcasing intensity of reflected tensile waves in the

solid/air interface,

2.3.2,2 BATCH TYPE COMUIINUTION EXPERIMENTS
The crushing chamber shown in Fig,2u was used in the
experiments with ordinary tap water,The same two capacitors
of each 20 pF were used in scerics in the dischafge circuit,
Quartz feed of two sizes were crushed in two diffcecrent ways:

(i.) In casc A the fced was crushed whilst all the

particles were immerscd in water,
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Table 2, Energy consumption of a granite in single clectro-
trohydraulic crushing with cxploding wire technigue

10 FF, length of exploding wire about L, cm,

Specimen Half of thc |[Specimen
underwater |[specimen in|in air
air
Disharge voltage !
KV 10,6 9,6 10. 4
Initial size
mm, 30, 30, 31,
Average product
mm, s12¢ 8. 07 lt. 93 2.7k
Reduction Ratio 3.7 6.1 11,3
Encrgy Consumption
kWhr/ton 2.1 1.8 1,8
Bond's Index L7.3 20,0 16,6
Ratios 1.0 0.42 0. 35
Joules/cm2 2,06 0.65 0.3
‘Ratios 1.0 0,32 ¢, 15
Kick's Constant 3.7 2.3 1.7
Ratios 1.0 0,62 0. 46
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(ii.) In casc B only the clectrodcs were covered by
water, i.e, water level was approximately 0.5 cm, above
electrodes, In this case a part of some fecd particles were
in contact with air, while the other parts of these par-
ticles were immersed in water., Thus, the shock wave entcred
these partdcles with small losses due to reflections at
wateg/éolid interface, but rcflected almost completcly
at the so0lid/air interface,

The experimental results are shown in Table 3 .,

It is clear from Table 3 ’,fhat all threc laws éf
comminution indicate inecreased efficiency for a batch type
operation by providing solid a;f:interfacés for outgoing
waves in some of the feed barficles,”"

In a prot?tyge of a developed clectrcohydraulic commi-
S ,\ 11‘ . ' ‘.

nution dew}ice(ng.25)xvhich is sho‘wﬁ diagramatic‘ally, expéri—
menfs of! abové type were also performed using a capacitor
of 0,1 uF and 35 kV discharge voltage using demincralised
water as a discharge medium, There was a gradual &ncreése
in cnergy consumpﬁion with decreasing water level.However,
thié discrepancy may be due to following recasonss

For this energy level (about 50-60 joules per pulse),
Which is about 10 times lower than the precvious casc
(about L0OO-500 joules per pulse), *

(i.) the crushing was presumably meinly due to radial

e e s
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10 PF s 1 cm, underwater gap length,

ordinary tap water discharge medium,

Energy consumption for Quartz in batch type

about one pulse per minute repetition rate

Feed size

8.73 mm, (7/16"-1/4")

400gr pertest

B

A/B

A

B

A/B

Average
discharge
voltage, kV

8,0l

8,01

10.43

10.89

Average
product
size, mm,

3.18

2.86

2.88

2,77

Average reduc-
tion ratio

2.75

3.05

3.04

3.17

Average energy
consumption,
kWhr/ton

8.65

5.10

10,15

8.11

Average Bond's
Index

164.9

87.7

1.88

180.6

154.8

1.34L

1 Average

Joules, /cn®

1.32

0.72

1,86

1,17

0.97

1,20

Average Kick's
constant

19.7

10.5

1.87

21.0

16,2

1.30
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Toble 3 b, Energy consunption for Quartz in batch type

of electrohydraulic comninution

IO PFﬂ, 1 cn, underwster gap length,
crdinary tap water discharge nediun,

about one pulse per second repetition rate

Feed size

4.76 oo, (1/L"-1/8")

400 gr pertest| A B | A/B A B A/B
Average
discharge
voltage, kV 8,07 8.4 11,20| 11,22
Awverage product
size, nn, 1.42 1.39 1.30] 1.27
Average reduc-
tion ratio 3.55 3.41 3.66| 3.73
Average energy
consunption,
kWhr/ton 19.48 9.83 18.63 | 12,23
Average Bond's
Index 208, |107,7 |1.93 (191.2 [122,9 1.56
Average
Joules/cn® 1.30 | 0.78 |1.67 | 1.16| 0.77|1.50
Average Kick's

35.4 18.5 1.92 33.1 21.3 1.53

constant
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cracks, and there was very little contribution of Hopkin-
son spallings,

(ii.) the inertia of surrounding water was presu-
mebly low due to decrecasc of water level, which is impor-
tant in the development of shock waves,

(iii.) in low water levels, so called surface flashes
on the water surface between electrodes, are often observed,
which are not effective in production of shock waves of

high intensity,

2:,3.3 THE EFFECT OF FEED SIZE

For Hopkinson spalling , and for the fractures due to
concentrations of refleccted tensile stresses, the size of
the fceed particles should be greater than half the wave
length of the stress pulse in order to obtain high commi—
nution efficiencies.Therefore, with decreasing feed sizé,
a decrease in comminution efficiency would be expected. )
On the other hand, with smaller feed particles, the spark
gap vicinity can be more effectively filIed and shock
wave front more effectively used in crushing.In fact,
actual comminution efficiency is the combination of these
two factors,

In the crushing Chamber shown in Fig.24, Quartz partic-

les. of 7/16"-1/L4" and 1/4"-1/8" feed sizes were crushed.
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The rcsults are already shown in Table 3.,a angd b ,
Comminution efficiency decrecascs with decreasing feed
sizc according to threc laws.This is understandable, since
the Hopkinson spallings, and fractures due to concentration
of reflected tensile stresses, were presumably contri-
buting very mﬁch to comminuﬁion_and.thc efficient £3lling of
the spark gap vicinity Waé not an effective factor in this
high energy level with above range of feed size ., Although
feed particle size was smaller than half the wave length,
the intensity of the shock wave front was presumably seve-
ral times higher than the dynamic tensile strength of the
Quartz, so that resultant tensile stresses, high enough
to fracture , were developed within thé solid particles,

Further experiments were performed in the electrohyd-
raulic comminution device shown dlagrammatically in Fig, 25,
which was developed curing studies.The capacitor of 0.1 FF,
and@ 35 XV discharge voltoge was used with demineralised
water.In ordinary tap water the underwater spark deve-
lopment after capacitor discharge , was not possible for
reasonable long underwater cpark gaps wlth this low energy
level due to the conductivity of water,

The fairly wide ranges of feeds of Limestone, Flint
and Quartz were crushed,The energy consumptions in terms

(o]
of Bond's Index, Joules/cm“ and Kick's constants are shown
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in Pigs, 26,27,28 in log-log plot , respectively.The cner-
gy consumptions and other rclevant data for Limestone,
Flint and Quartz; are also shown in Tables 4,5,6
respectively,

Bond's Indexes and surface cenerglies indicated an
increcase in the comminution efficicncy with decreasing
feed size.But Kick's constants show an opposite trend.
Thie obscrvation also shows how these thrce comminution
laws contradict each other.The trcnd of an increase in
efficiency was accepted , since it was imdicated by norc
practical .considerations.This trend is understandable,
sincc the Hopkinson .spalling, and fractures due to concen-
tration of reflccted tensile stresss . were not presumably
contributing very much to comminutipnaét;this:enepgy
level, and efficicnt £illing of thc spark gap .vicinity was
the main factor in . the comminution efficiency, This trend
is also in accord with observations made in experiments
with same-crushing device, mentioned -in Chapter 2.3,2.2,
.to;investigate:the;effaot,of,prpviq;ggasqlig/ﬁiriiptgrface

to ~the feed particles.

2.3.4h .THE -EFFECT OF PHYSICAL. PROPERTIES
OF ROCK

The fractures in electrohydraulic comminution are
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Table 4. Energy consumption for Limestone iz clectro—

hydraulic comminution for various feed sizes .

0.1 pF, 35 XV discharge voltage,

lem, underwater spark gap length,

demineralised water discharge mediunm,

about one pulsc per two second repetition rate

D (] Tt (1) iwoir
Feed size 7-10 7 mesh{l/8-1/4{1/L~1/2 |1/2-1
(j/zl,{g_-ﬁ pej- {es{:) mesh - 1/8"
Product size
mm, 1,11 1.74 | 1,88 3,60 5.65
Reduction ratio | 1.8L 1.61 | 2.54 2,65 | 3.37
Energy consumption
kWhr,/ton 5,86 L.11 7.80 7,10 7.00
Bond's Index 89.6 92,8 109.1 133,0 154.0
Ratios 0.58 0,60 | 0,71 0.86 1.00
3

Joules/em. 2 0.76 1,46 | 1.86 2.60 | l.20
Ratios 0.19 0.35 | Oo. 44 0,62 1.00
Kick's constant 22,13 19.87 (19.27 16.78 13,27
Ratios 1.00 0.90 | 0.87 0, 76 0.60




Table 5.

raulic comminution for various feed sizes
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0.1 PF’ 35 kV discharge voltage,
1 cm, underwater spark gap length,
demineralised water discharge medium,

Energy consumption for Flint in electrohyd-

about one pulse per two second repetition rate

1

Feed size |7-10 | 7 mesh|1/8-1% h/u-34 B3 Nhe1/e| 17201
(Y2 kgr per test) mesh - 1/8

Product size

mm, 1.06 | 1,71 1,72 3,31 11.59 5,11
Reduction

ratio 1.92 1,60 2,80 2.0 2. 40 3. 72
Energy

consumption

kWhr/ton 4.58 | 2,40 5.47 4,60 Loko | 5.77
Bond's Index| 57.6 |50.3 69.5 93.5 106,7 |114.7
Ratios 0.50 0, Ly 0,61 0. 82 0.93 1,00
Joules/cm? 0.7 | 0.93 1,14 1.85 2,15 2,75
Ratios 0. 26 ' 0.34 O. LI 0.67 0.78 1,00
Kick's |

constant 16,1611,.17 12,23 12,10 11.57 10,11
Ratios 1.00 0. 64 0.76 0.75 0.72 0,63
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Table 6, Energy consumption for Quartz in elcctrohyd-

raulic comminution for various feed sizes

0.1 pF, 35 KV discharge voltage,
1 cm, underwater spark gap length,

demineralised water discharge mediun,

about one pulse per two second repetition rate

Peed size 7-10 | Tmesn-178"1 17821 (1 427/16"
(32 kgx: per test) | mesh

Product size

mm, 0. 90 1.38 1. 36 5.34h
Reduction ratio 2,28 2,03 3.49 1.63
Energy consumption

kWhr /ton L.91 3.67 5. 80 2,72
Bond's Index ' 54.5 55.9 60.8 87.9
Ratios 1 0,62 0, 6L 0.69 1,00
Joules/cme 0.38 0.39 0. 50 0.53
Ratios 0,71 0.73 0.94 1.00
Kick's constant 13.72 11,93 10,67 12,81
Ratios 1,00 0.87 0.78 0.23
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neinly due to tensile stresses, Thorefore the dynamic
tensile strength of rock is of more importance than its
compressive or shear strength.Furthermore, attenuation of
shock waves in the solid bodies, which is dependant on the
energy absorption factor of rock which is partly duc to
plasticity and brittleness of rock particles, is an impor-
tant parameter in clectrohydraulic comminution.

On the other hand, the fractures, in conventional
crushing methods are caused generally by compression,
shear and frictional forces,Thercfore , compressive
strength and hardness of the rock to be crushed are
mejor parameters in conventional comminution.

The synthetic rock, sandstonc and granite. specimens
were crushed by the exploding wire techniquc, with single
sparks, as previously described in Chepter 2.3.2.,1 .The
most effective crushing was ob%tafned with granite,No
attempt wes made to determine the tensile strength of the
natural rocks used in the cxperiments, Although, the tensile
strength of the rocks vary very widely not only with their
chemical compositions, but also with their grain size,
localities, stratification and the direction of the load
applied with respect to their strata and depend very much

on the test method, preparation of specimens, and size of
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(35 to 41)
specimens, usual figures for tensile strength
are 700-1,800 p.s,i., for granite, 1,000-1,500 p,s.i.
for sandstone.The tcnsilc strength of synthetic rock was
determined by the Brerzilian test and found to be about
1,500 pes, i, oCGranitc is also the most brittle of the
three rocks tested and has very likely inherent internal
stresscs near to the interfaces between its different
- mineral grains, which would be developed during its ori-
ginal cooling. These internal stresses might contribute to
the resultant fractures.The synthetic rock,which presuRably
has the highest tensile strength and is most plastic
among the three, due to its epoxy resin matrix,produccd
less fines,

Limestone, flint and guartz feeds were crushed elec-~
trohydraulically, as explained in Chapter 2,3.3 , with
multiple successive sparks,Energy consumptions are given
in Figs.26,27,28 and in the Tables L,5,6 .The ascending
order of comminution efficiency is limestone, £flint , and
quartz,

Although, the order of tensile strengths of these
rocks is not very much in &greement with the above order
(Usually temsile strengthéuare 1,000-2,000 p,s,i, for
limestone, 2,000-3,000 p,s,i. for flint and 1,500-2,000

p.s.1. for quartz), it may be significant that limestone
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is most plastic of the threce and regquired nore cnergy,
and quartz which is most brittle, required the least
cnergy.,

The descending order of Bond's Indexes in conventional
comminution is flint, guartz, and limestone (mamely 26, 1,
and 12 respectively(26))This order is in e@&greement with
the orcder of compressive strength of these‘rocks, which
is flint, quartz, limestone . (namely 50,000~100,000 P.s.i.,
20,000-30,000 p.s,1,, and 10,000-20,000 p.s.i. respectively)
Furthermore, this order is also not contradictory with the

order of their hardness, which is flint, quartz, limestone

(7, 7, 3 respectively on the Mohr scale).

2.4 THE SHAPE FACTOR IN ELECTRQHYDRAULIC
COMMINUTION

The shape of products of electrohydraulic comminution
was first investigated visually and under a microscope
during tests on liberation,The fragments of electrohyd-
raulic crushing products were always more cubic than
those of 1abofatory jaw crusher , hammer or vibration mill,
However, these observations were set aside for some time;
systematic study of particle shape was only undertaken
after the more fundamental studies had thrown light on

the mechanism of shaping by hoop and Hopkinson stresses,
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2.4h.1 CHOICE OF ROCKS

The first tests on the shape factor in electrohydrau-
lic comminution were started with available rocks from the
departments store,{ Quartz, Granite, Feldspar )After
obtaining good shape with these rocks, it was decided to
crush an extremely flaky rock, and accordingly flint
pebbles were obtained from Headley Heath, Surrey.It is
well known that flint gives extremely flaky, razor-like
fragments with conventional crushing, These flint pebbles
showed good results also, and so by courtesy of the
British Granite and Whinstone Federation , rock samples
were obtained from some British gquarries which were
representative of materials with good strength, but

inclined to be flaky on crushing.,

2.4,2 BASTS FOR COMPARISON OF EXPERIMENTAL
RESULTS
(L2,43,uk)
a, There are two British Standard's tests
at present to determine the shape factor of aggregates,
1. Flakiness index:
This is the percentage of flaky material in a given
range of particle sizes, flakiness beling defined as abi-

1ity to pass through a standard slotted test sieve,( A

particlic is defined as flaky if its thickness is lcss
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than 0.6 of ite "nesn size", "Mean eize'" of particle assumed
to be mean of the aperture sizes of the pair of perforated
plate, sguare-aperture test siewes, (Table 7) 2))
2. Blomgation index:
This is the percentage of elongated particles in

a given range of particle sizes, elongation being defined

as imebility to pass between standard test bars, (A particle
is defined as elongated if its %Sg th is greater than 1,8

times of its mean size.(Table 7 )

Table 7. Dimensions of Flakiness and Elongation gauges

Size of aggregate Width of slotDistance bet-
in flakiness [ween pegs on
Passing Retained on "Mearr gauge, elongation
B,S.sieve B,S,sieve size" gauge,
of aperturelof aperture gM} (0.6 M) (1.8 M)
size,(in. ) lpize, (in.) in, ) (in.) (in.
2 I 1/2 1.75 1,05 3.15
11/2 1 1.25 0.75 2,25
1 3/L 0.88 0.53 1,57
3/l 1/2 0.63 0,38 1.12
1/2 3/8 | 0.4k 0. 26 0.79
3/8 1L 0.31 0.19 0,56

b, Percentage of voids

Percentage of voids in the bulk of particles is also
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an indication of shape of grains,In practice, well shaken
well packed equi-size spheres settle down to about 38%
voids,It is clear that 1if equi-size cubes were packed
perfectly well together, there would be nil percent of
voids theoretically.Therefore, it is reasomnable to assume
that with particles becoming more cubic, percentage of
voids would decrcase,For this reason it would he expected
that a Iower percentage of woids would result from electro-

hydraulic comminution than from conventional methods.

2,4,3 - THE RESULTS

Numerous rock samples were crushed in the electrohyd-
raulic comminution device shown in Fig.25 , the capacitor
used was again of 0.1 pF capacity and 35 XV discharge voltage,
discharge medium being demineralised water , and in a one
H,P, Dodge type Sturtevant laboratory Jjaw crusher,Feed size
of the rocks was generally 1"-2" in the experiments.Compa-
rative crushed products of jaw crusher and the electrohyd-
raulic comminution device are shown in Figs.29 and 30.In
Fig.29 the size of flint fragments is 3/4"-1/2" and in
Fig,30 1/2"-3%/8",In these photographs the upper two rows
consisting of six particles represent the product of
electrohydraulic comminution and the lower two rows, again

consisting of six particles, represent the product of the
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jaw crusher, In these photographs the third dimension is
represcented by shadows.It is clear from these figures that
the third dimension of grains from the electrohydraulic
comminution product is always longer than from the jaw
crusher product, i,e¢, the grains of electrohydraulic commi-
nution product arec more cubic.

Flakiness indices:

The Table 8 a and b shéw the comparative indices of
crushed particles, The superiority of electrohydraulic
comminution in the production of cubic shapes is clear from
the Table , although the Jjaw crushers produce fairly flaky
fragments among conventional crushers(u5).(Table 10) In
some cases electrohydraulic comminution produced nil (0.0)
percent flakiness,

Elongation indices:

The Table 9.a and b show thec comparative elongation
indices of crushed particles,The celectrohydraulic commi-
tion products arc not as good as in elongation index as
in flakiness index, but still superior to jaw crushed
products,

Percentage of voids:

A guartz feed of 7/16"-1/4" was crushed respectively

in the laboratory jaw crusher, a laboratory hammer mill

and in the electfohydraulic crusher shown in Fig.2h .



Table 8 a,Comparison of Flakiness index for products from

electrohydraulic comminution and jaw crusher

respectively

FELSITE

P

RED QUARTZITE

Flakiness index

Flakiness index

Size range Size range

E.H,C, JAW B, H,C, JAW
3/W"=-1/2" 2.6 38.5 3/h"M=-1/o" 0.0 71,4
1/2”—3/8" 2.3 25,0 ]_/2”—3/8" 5.8 19. 1
3/8"-1/L" 1.2 32,0 3/8"=1/L" 0,0 26,2
Mean 2,0 31,8 Mean 2,0 38,9

-

ALBITIZED OLIVINE DOLERITE

(Criggion Quarry)

PROXENE ANDESITE

(lioon's Hill Quarry)

Flakiness index

Size range

Size range

Flakiness index

'E,H.C. | JAW E.H.C. | JAW
3/4"-1/2" 0,0 45,3 3/4"-1/2" | 2.9 370
1/2"-3/8" 1.9 29.5 1/2"-3/8" 2.4 L7.9
3/8"-1/4"  10.3 48.5 3/8"-1/4" |15.3 Lo. L
hean Lh,1 41,1 Mean 6.9 L. 7




Table & b,Comparison of Flakiness index for products
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from electrohydraulic comminution and jaw

crusher respectively

OLIVINE BASALT

(Dumbuck Hill Quarry)

FLINT

Flakiness index Flakiness index
Size range . Size range

E.H,C, JAW E.H,C, JAW
3/4h1=-1/2" 0.0 410, 0 3/L"=-1/2" 5.0 98,5
1/2"-3/8" 0.0 51.0 1/2"-3/8" 2.5 25,9
3/8"=1 /" 7.0 6,1 3/8%-1/L" 0.0 19.3 -
Mean 2.3 L6, b Mean 2.5 u7.9

LIMESTONE QUARTZ~DIORITE~-PORPYRITE

(Enderby Quarry)

T
'

Flakiness index i Flakiness index
Size range Size range

E.H,C, JAW E.H,C JAW
3/4"-1/2" 1.4 95.5 3/L"=1 /2" 0.0 100, O
1/2"-3/8" 3.8 19.6 1/2"-3/8" 2.8 39.3
3/8"-1/L" 3.0 LOo.8 | 3/8"-1/M4" | 7.7 52,6
Mean 2.7 51,6 Mean 3.5 63.9
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Table 9 a, Comparison of Elongation Index for products

from‘electrohydraulic comninution and jaw

crusher respectively

FELSITE RED QUARTZITE
FElongation index Elongation index
Size range Size range
E.H. C, JAW E,H.C, JAW
3/u"-1/2" | 0,0 18.8 | |{3/u"-1/2 8.6 hi.2
1/2n-3/8" 6.0 40,1 1/2%-3/8" 0.0 30,9
3/8"-1/L" 8.5 L2.6 3/8"-1 /" 16,4 L0, 6
Mean L.8 33,8 Mean 8.3 37.6

ALBITIZED OLIVINE DOLERITE

(Criggion Quarry)

PYROXENE ANDESITE

(Moon's Hill Quarry)

-

Elongation index Elongation index
Size range Size range

E.H,C, JAW E.H,C. JAW
3/4M-1/2" | 0,0 16.6 3/u"-1/2"  18.9 25,0
1/2"-3/8" 16,8 2L, 8 1/2"-3/8" 0.0 37.8
3/8"-1/L" 12,3 37.6 3/8"-1/2" 3,2 50.0
Mean 9.7 26,3 Mean 7ol 37.6
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Table 9 B. Comparisom of Rlongation Index for products
from electrohydraulic comminution and jaw
crusher respectively

OLIVINE BASALT FPLINT

(Dumbuck Hill Quarry)

Elongation index Elongation index
Size range Size range —
E.H.C, JAW E.H.C. JAW
3/u"-1/2" 9. L 57.8 3/h"-1/2" 1.5 2.0
1/2"-3/8" 13,0 36,6 1/2"-3/8" [ 5,0 32,1
3/8"-1/L"  |12.0 38.9 3/8"-1/2" 14,3 31.6
Mean 11. L by, b ean 7,0 21,9
LINESTONE QUARTZ-DIORITE~PORYRITE

(Enderby Quarry)

Elongation index Elongation index
Size range Size range

E,H.C. JAW E.H.C, JAW
3/ur-1/2" 11.8 1.6 3/L"-1/2" 6.5 27.3
1/2"-3,/8" 0.0 38,2 1/2"-3/8" 10,7 25.7
3/8"-1/4"  |18.5 33.7 3/8"=1/4" 19,7 39.7
Mean 10,1 28,8 Mean 12.3 20.9
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Table 10 Flakiness and Elongat%on)indGX'of Linestone
L5

With warious crushers

-

Flakiness index % [Elongation index %

Type of

crusher 3/L"=1/2" | 1/2"-3/8" 3/40~1/2" |1/2"-3 /8"
Jaw crusher 26 31 33 30
Cone crusher 32 36 uhﬁﬂi ﬂ'“";9 
Rolls 23 32 L7 ui

Fixed hanner
unstricted
outlet 17 16 22 19

Swing hanner
unstricted
outlect 15 19 23 2y

Swing hanner
with grid in

outlet 22 22 27 24
Electrohydraulic
comninution 2 L 12 0

Hand breaking 25 26
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The percentage of voids in various size fragments of
prroducts was determined in as constant as possible test
conditions,The results are shown in Fig,31 ,Although the
averaging curves are represented with straight lines in
log-linear plot, the trend is clear.With decreasing size
the percentage of voids increases, while the electrohyd-
raulic comminution product has always a lower percentage
of voids than either the jaw or impact crusher product,
The percentage of voids of other rock samples were
not determined, since the amount of samples were found
unsatisfactory due to side effects(u6),i.e. the volume of
the container must be large enough in order to ignore the
discontinuous contact with the sides of container by the

particles, this effect being proportional to the particle

size,

2.5 SIZE DISTRIBUTION OF THE PRODUCTS
Size distribution curves of various electrohydraulic
comminution products are compared with those of a lahora-
tory jaw crusher, which gives one of the sharpest size
distribution curves among conventional crushers, due to
unrestricted outlet,The results are shown in log-log plots
in Figs. 32 to L6 .

It is clear from these figures that the size distribution
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curves of electrohydrailic comminution products are always
steeper in the finer size ranges, than those of jaw carusher
products, i,e., less fine production compared to that of Jaw
crusher,The size distribution curves of both ovroducts of
jaw and electrohydraulic comminution are not completely in
agreement with the Gaudin-Schumamdistribution "law", but
it is interesting that they consist of straight line
segments, In most cases, they can be considered over a wide
range of particle sizes as a straight line which is in
aggreement with Gaudin-Schumamlaw, These results indicate
that size distribution function of a breakage is not a
simple function, on the contrary it is a complex function,
which presumably consists of breakage and selection functions,
and is highly dependant on the nature of the rock and type

of crushing method,

2,5.1 THE EFFECT CF VARYING FEED SIZE
The comparative size distribution curves of limestone
in electrohydraulic comminution and in jaw crushing , with
starting feed sizes of 1,72"-1" , 1/4"-172" and 1/8"-1/4"
are shown 1In Figs.L7 and L8 respectively.The comparative
size distribution curves of Flint in electrohydraulic
comminution and in jaw crushing with a feed size range of

1"-2" to 1,/4"-1/8" are shown in Fig.L9 .
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The experimental results show that the size distri-
bution curves,i.e, slope of the curves , are very much
dependant on the starting feed size,The trend is clear from
the above figures, that the slope of the distribution
curves decreases with increasing feed size.,For this reason,
in the comparative experiments the results of which are
given in Figs.32 to 46 , every precaution was taken to
keep feed size constant in both electrohydraulic comminu-

tion and in Jjaw crushing,

2,5.2 TRE EFFECT OF THE NATURE OF ROCKS
In the size distribution curves , the effect of the

nature of the rocks is observed and pointed out by various
researchers(BB) in comminution operations,Comparative size
distribution curves shown in Figs,. 32 to 46 are very much
dependant on the rock nature, Inflexion points are the same
with very few exceptions for both electrohydraulic and jaw
crushing for certain type of rock,Although, few experiments
were done on this aspect, it seems that inflexion pofnts
are constant for a given rock type.For example, size distri-
butions of grey flint pebbles show inflexion points at 300
microns for both electrohydraulic and jaw crushing (Figs. 33

and L49).Another type of flint, "Flintag" from the Cement

Marketing Company was crushed,The size distribution of the
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products have shown the same inflexion points at 300 microns
for both electrohydraulic and jaw crushing, and the slope
of the curves were of the same order as the grey Headley
Heath flint products , considering starting feed size.

Fine grained red quartzite particles from the sane
company wem2rushed electrohydrazulically and in the Jjaw
crusher, The size distribution curves of both crushing
operations were straighkt lines, similar to the previous
fine grained grey quartzite size distribution (Fig.3L),
with slopes of comparable magnitudes,

The slope of the curves and inflexion points ars Sebte
lated for warious rocks in the Tables 11, 12 and 13, as
straight line curves, curves of concave down inflexion
points and curves of concawe up Iinflexion points respec-
tively.

Table 11 Size distribution curves of some rocks, which
consist of one straight line over a wide range
of product size

Slope of the curve
Description of rock Feed size
E.H,C, | JAW

Molochite 1,05 0. 90 1/2"-1"
Quartzite (Fine grained) 0.70 0.50 1" o
Quartz-Diorite-Porhyrite 0.90 0.65 in o

Average (except molochite) 0, 80 0.57




The main charecteristics of the rocks

in

crystalline structures,

which is not a natural rock.Average slope
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except molochite

of the

which are listed
Table 11, are that they consist of fine granular

(row porcelain),

curves

for two natural rocks (except molochite) is 0,80 for clec—

hydraulic crushing and 0.57 for jaw crushing.

Table 12 a,.8ize distribution curves of some rocks which
consist of two straight lime scgments with
concave downr inflexion points

Electrohvdraulic Comminution

Slope of 5lope of Inflexion |Feed size
Description first second point,

straight straight microns
of rock linc scgmentiline segment

coarse rangg)(fine range)
Flint 1,15 0.95 300 1'"-o"
Olivine-
Basalt 0,90 0.65 600 i't-2n
Proxene-
Andesite 0, 80 0,65 600 1t
Shale 0. 85 0, 6L 800 in-2"
Limestone 0, 78 0,60 600 1/2"-1"
Average

0,63

{(except flint%

!
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Teble 12 b. Size distribution curves of some rocks which
consist of two straight line scgments with
concave down inflexion points
Jaw crushing

Slope of Slope of Inflexion|Fecd size

Description first second point,

straight straight microns
of rock line segment |1ine scgment
toarse range)f fine range)

Plint 0,87 0.78 300 -

Olivine-

Basalt 0.73 0,60 600 it-an

Proxene-

Andesite 0.7% 0.65 600 ir-a"

Shale 0,60 M=o

Limestone 0.60 0.48 600 1/2"-1"

Average

(except f£lint) 0.58

i

The nain charscteristics of the rocks which are listed in

© Table 12 a and b, are that they consist of very fine

crystalline structurcs such as olivine-basalt and proxene

andesite and’or tend to be cryptocrystalline such as?

flint,

shale and limestone.Average slope of the curves at

fine size range (except flint), is 0,63 for electrohydraulic

crushing and 0,58 for jaw crushing.
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Teble 13-a., Size distribution curves of some rocks which

consist of two straight line segments with

concave up inflexion points

Electrohydraulic comminution

Slope of S1lope of Inflexion| Feed size
Description first second point
'of rock straight straight microns

linc segment line segment

(coarse rangé)|(fine range)
Albitized
Olivine-
Dolerite 0,76 0.90 L20 M=o
Red Quartzite
(coarse

grained) 0,50 0,90 500 in-on

Felsite o 12 1,20 600 1t
Weathered
Cornwall
Gronite 0, 33/0.56 1,30 125 /250 1Mo
Cassiterite
ore 0,68 0. 83 L20 -2t
Quartz 0. 60 1,05 700 7/16"-1/LY
Average 1,03
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Table 13 be Size distribution curves of some rocks which
consist of two straight line segments with
concave up inflexion points
Jdaw crushing

Slope of Slope of Inflexion Feed size

Description first second point

of rock straight straight microns

line segment|line secgment
coarse rangd|(fine range)

Albitized

Olivine-

Dolerite 0. 589 0.7% 420 1't—on

Red Quartzie

(coarse

grained) 0,50 0.70 500 1t-p"

Felsite 0.L43 0. 80 500 1ir=on

Weathered

Cornwall

Granite 0,33/0.L47 0,95 125 /250 1n-pn

Cassiterite

ore 0. 66 0.70 L 20 in-on

Quartz 0,87 0,95 700 7/16"-1/1"

Average 0,81
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The main characteristics of the rocks which are listed in
Table 13 o and b,are thrt they consist of o fairly coarse gra-
nulsr eystniline sfructurc,The average slope of the curves
at fine size range is 1,03 for elcctrohydraulic crushing
and 0,81 for jaw crushing,

Briefly , it appears from the above tables that the
slopes of size distribution curves éRCrease with increasing
grain size of rock for both electrohydraulic and jaw
crushing, and that electrohydraulic comminution gives

inveriably steeper slopes, i,e, sharper cut-off in the

finer size range,

2.5.3 THE ROLE OF FREE CRUSHING
It is fairly well known from experimental results ’

that free crushing or so called single crushing should -
result in sharper resultant size distributions, since
frictional forces between rock particles, which would
produce most fines, are minimised,This fact is also demons-
trated in electrohydraulic crushing,The crushing chamber
shown in Fig, 244 produces less sharp: size distributions
than the electrohydraulic comminution device shown in
Fig.25 , which is working wunder mmch more free crushing

conditions.Furthermore, single crushing with only one pulse,



8L

which is perfect free crushing, resulted in the sharpest
size distribution,The resultant size distribution curves
of quartz are shown in Fig.B50 .

Further experiments were performed in the electrohyd-
raulic comminution device shown in Fig,25 with the elec-
trode arrangement shown in Fig,l5 .The particles of flint
and limestone were placed around the spark path manually
and the feed particles were subjected to a single pulse,
As expected, the size distributionsof products are
sharper than those of operations with multiple sparks.

The resultant size distribution curve of flint i1s shown

in Pig.51 and that of limestone in Fig.52 ., As is clear
from these figures , the size distribution curves are

not only sharper , but also some inflexion points disap
pear,This indicates that the size distribution functions*”
in single crushing are less complex than those of multiple
crushing, sinée selection functions which would presumably

result in igflexion points, disappear,

2.6 SELECTIVE CRUSHING AND LIBERATION IN
ELECTROHYDRAULIC COMMINUTION:
2,6,1 SELECTIVE CRUSHING
As was hinted in Chapter 2,1, effective selective

crushing is very likely possible iIn electrohydraulic
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commninution by exploiting the differences between surface
conductivities of two constituents, Especially in the coaxial
annular electrodes arrangement shown in Fingtthe selec-
tivity should be very high, compared to the pointed clec~
trodes system, In Fig, 53 a and b the selection areas of
annular and pointed electrode systems are shown, The effec~
tive selection area in annular electrode system is :
A ='W(R§—Rg) or
substituting R1=R2+1
A =T(2.R,, 1417) (15)
where 1 = gap 1length
Rl = pradius of outer ring electrode
R2 = radius of inner circular electrode
The effective selection area in pointed electrode
system 1s

A=2TL1,R (16)

where 1 = gap length

R effective selectivity radius which would be
| a function of feed size and gap length 1

In the present electrohydraulic device{¥ig,25), when
1is 1 cn, , R2 is 5,5 cn, then :

A=12T

In the pointed electrode system , when 1 assumed to be

1 cm, enmd R very generously assumed 0,5 cm, , then :



Electrodes

(v)
Fig. 53 Selectinn zreas

3. Ammular electrode arrangement

b, Pointed electrecde arrangement
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A =TT

It seems, wunder the abovc comditioms , that the annular
electrode system should be about 10 times nuch more effec-
tive than the pointed electrodes.Furthermore, if the ability
of the solid particles to provide shorter distance between
two electrodes, is considered, the selectivity should be
very high with annular arrangements, It is clear from
Fig.1ll4 that the sharp edges of both electrodes in the
annular electrode arrangement are on the same plane as the
resting surface of particles, so that one particle with a
plane face can contact both electrodes with a straight
line, while in pointed electrode system,diamcters of
electrodes, however small, would prevent a direct straight
line contact of points of electrodes with a particle surfaee,

In order to investigate selectivity in electrohydrailic
comminution some precliminary experiments were carried out
with artificially prepared feeds of two constituents such
as pyrrhotine (2 [FeS] )-flint , flint pebbles—weéthered
granite , and limestohe-felsite In the electrohydraulic
comminution device shown in Fig.25 , The selective crushing
was very effective in all experiments , depending on the
order of assumed differences in surface conductivities and
in the roughness of surfaces of two constituents, The

results are shown in Table 14 ,
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Table 14, Selective electrohydraulic comminution with

some artificially prepared feeds

0.1 pF , 35 kV disharge voltage ,
1 cm, underwater spark gap length,

demineralised water discharge medium,

about one pulse per two second repetition rate

Feed Product Probable cause of
fiixture (1"~2") | (-1/4") | selectivity
(4) - (B) %(A) %(A&)
. The difference between
Pyrrhotine~Flint Lo 98.3 conductivities of two
| constituents is wvery
great
Flint pebbles were
Plint Weathered providing smooth
Pebbles~Granite 50 98,7 surfaces, 1,e,shortest
distance between
electrodes
Presumably different
T.imestone-Felsite 50 72,0 surface conductivities

The importance of selectivity in crushing operations is

great , since some pregownsentration can be expected,It seems

from the above encouraging results

that this feature alone

is of potential industrial importance to electrohydraulic
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comminution, since:

(i, ) High grade concentration operations are possible with
relatively simple mechanical arrangements, during the
electrohydraulic comminution process.

(1%, )The selective crushing should result in better libe-
ration, since the shock wave source or shock wave front would
be selectively positioned on a particle of two or more consti-
tuents, Unfortunately no further experiments were made on

this subject, due to lack of time,

2,6,2 LIBERATION IN ELECTROHYDRAULIC COMMINUTION

At the start of the studies, it was thought that electro-
hydraulic comminution would produce better liberation than
conventional methods , since the resultant tensile stresses
would cause spallings, the main faillures occurring at the
interfaces where the bonds between mineral grains in the ore
were weakest,However, more detailed analysis of the problem
showed that this expectation was too sanguine, The interfaces
between two mineral grains would be considered also to gene-~
rate reflected tensile stresses but, resultant tensile
stress is developed at a certain distamce to the interface,
therefore it would mot be effective across interface,

Geometrical analysis of the problem is given in Figs, 5L

to 57 .
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The possible shock wave transmissions and reflections of
a compressive longitudinal shock wave at the interfaces of
two mineral grains of different acoustic impedances (p.c)
are shown in Figghlh and 55 , with four phases, The onconing
compressive longitudinal stress wave is produced by spark
disharge and transmitted to the solid pavticle directliy.It is
clear from these figures,that in no case is a tensile stress
developed across the interface,

The possible transmissions and reflections of a ftensile
logitudinal wave at the interfaces of t¥o mineral greins of
dfifferent acoustic impedances are shown in four phases in
Figs,56 and 57 .This longitudinal tensile stress wave could
be produced at solid/water or Solid/air interface, and would
be much more attenuated than the above compression stress
wave, since the the shock wave should travel longer distance
to reach the same interface.In Fig,56, the wmesuitant tensile
stress ceross the interface is Iess than the original stress
of tensile wave, therefore, the probability for the prceferance
of interface of two mineral grains , in fracture development
is not very high, unless therc is a reasonable large diffe-
rence between tensile strength of bonds across the interface
and tensile strength of mineral grains,

In Flg.57 the resultant tensile stress across the inter-

face is greater than the original intensity of tensile stress



87

wave, therefore the probability for the preferance of the
interface of two mineral grains in fracture development is
very high,

When it is considered from the work on the mechanism of
electrohydraulic crushing , that the fracturcs caused by
Hopkinson spallings play only a minor part in the main
fracture mechanism when particles are completely submerged
in water , thon it cannot be expected that clectrohydraulic
comminution would bc outstandingly better at liberat;on
tham conventional methods, However , one is still justified
in expecting a slight improvement due to Hopkinson spal-
ling mechanism, N

The role of hoop stresses is now considered in liberation,
These form the highest stress concentrations in the middle
of the shock wave front, in homogeneous materials,A simple
mathematical treatment of the problem is aﬁmmn in Fig.58 .
The total hooyr tensilce force qx)at the unit middle section
or Tchor (Pz 90° is: '

T9Oo = R.D

" where R radius of the shock wave front at time t
p Intensity of shock wave front at time t
Tensile Yorce EQP i3 given by the followlng formmla:

T(P =2.R. sinz(i-f- YD (17)

This formula is computed for various(P's and the resultant
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variation of the intensity of tensile force T(P is shown
in Pig.59 .It is clear from these figures that the tensile
force falls very sharply from the middle of shock wave front,
Therefore, if the material has any weakness due to bonding
of mineral grains, there is wery little probability of that
weakness being selected during fracture wunless the weak-
ness is very near to the peak of the front.Alternatively,
there must be a very significant difference between the
tensile strength of bonding and the tensile strength of the
mineral grains themselwves,

However, as is mentioned previously, selective spark
discharge would be very helpful in addition to these weak<
nesses in the ore, since in this case the shock wave front
could be very favourably placed near the grains to be 1lilbe-
rated, Unfortunately, no cxperiments were performed in the
electrohydraulic comminution device shown in Fig,25 , which
is the most promising for better liberation , due to lack
of time , and since it was always very difficult to find
a suilleble ore of two constituents of easy chemical analysis
and easy and effective separation methods.

However, some early experiments with two avallable ores
were done in the electrohydraulic crusher shown in Fig.24 .
in which,as explained in the above section, no significant

success would be expected, due to very little contribution
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of selectivity (Chapter 2.6.,1) .

One of the ores was Pyrochlore-Carbonatite ore,Because
of the composition of the ore, which contained limestone,
some apatite and 4-5 % residue insoluble in cold dilute
hydrochloric acid (pyrite, magnetite, pyrochlore, some mica
and some silicates) it was impossible to get the real amount
of middlings and consequently percentage of liberation by
simge sink~-float tests,However , with a sink-float test of
specific gravity near 2,76 (the specific gravity of limestone),
fully liberated limestone particles were floated from the
products of electrohydraulic crusher, a laboratory hammer
miIl, a laboratory Jjaw crusher and a laboratory vibrating
mill , respectively.Assuning no significant selective
crushing, i.e, percentage of limestone same as In feed,
in all sizes of product, the calculated percentage of fully
liberated i.ec., floated, limestone is plotted against average
particle sige in Fig,60 , A small increase in Y¥beration
with electrohydraulic comminution is clear from iig;GO
against jaw crusher and wibrating mill ( a few percent ).
However, there is no significant difference between elec-
trohydraulic comminution and hammer mill,

Another ore tested was a chromite ore from Turkey, which
was soft, since its serpentine constituent had been very

much weathered,Comparative samples of ore were crushed in a
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Iaboratory hammer mill, In alaboratory jaw crusher, and
electrohydraulically.As serpentine is softer than chromite ,
the fine sileve fractions of all products were found to
contain more serpentine than coarse ones and feed , due to
selective crushing, Therefore, for each fraction of crushed
product, the serpentine content was determined approxima-
tely by measurcments of mean specific gravity of fractlons.
By relating these quantities of serpentine to the amount of
fully liberated serpentine which was floated by a heavy
liquid of specific gravity of 2.6 (approximately specific
gravity of serpentine), the percentage liberation of each
fraction was found., The results are shown in Fig.61l. It is
clear from the figure that in the finer sizes, there is a
small increasc in liberation in electrohydraulic comminu-
tion, against the other methods (a few percent).However, the
total liberation of all sieve fractions, which are shown in
Fig.61 , have been calculated and found to be 50.6 % for
electrohydraulic comminution, 50.4 % fcr ﬁammar mill and

-

48,8 % for crushing in jaw crusher,

2.7 METAT WEAR IN ELECTROHYDRAULIC
COMMINUTION
One of the main characteristics of electrohydraulic

comminution is to produce relatively contamination free
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crushed products,Although no extensive experiments were
performed on the metal wear with variations of the shape
af the electrodes and types of metals used, in present
studies, the metal wear of annular type of electrodes shown
in FPig.14 , with 1 cm, spark gap , varies from 5 to 10 gr.
per kWhr for stainless steel and for ordinary steel,respec-
tively. The wear of the cenfral circular high tension (+)
electrode was also found slightly higher than that of the
outer ring/earth electrode.No such experiments were perfor-
med on the pointed electrode system.Maroudas et al,(IO)'have
made some measurements on the metal wear of pointed elec-
trodes and have found that metal wear varies from 15 gr.
to 0,4 gr. with varying gap length of from 0.5 cm., to 2 cm,,
respectively for silver steel. ; ‘
Although it seems that the metal wear in electrohyd-
raulic comminution is relatively lower than in conventional
comminution methods, the main advantages are as fcIlows:
(i.) The metal wear of electrodes can be washed away
from the product particles fery easily, since they are very
fine: on the contrary , in conventinal comminution the metal
wear cannot be easily separated, since often it would coat
the surfaces of the product particles and additionally ,
there would be fairly coarse grains of metal present.

(ii.) There is no limitation of using a special type of
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netal or alloy in electrohydraulic comninution: on the
cdntrary, in conventional crushing and grinding methods a
special type of hard alloy should be used to prewvent
excessive msgrasion of working surfaces.

(iii, ) The netal wear in electrohydraulic conminution
is not a function of tﬁe.hardneis aﬁd étrength‘of the rock
to be crushed: on the contrary'in.conﬁentional conninution
nethods the wear is very nuch dependaﬁt on the hardness
and s%rength of the rock to be ground or crushed,

(iv.) The original surface properties of crushed
products can be naintained in electrohydraulic comninution
which 1is often impossible in conventional methods,This .
night be wvaluable in F1otatian and Eledtrostatic Separation
processes, '

However, there is one signif%gant disadvantage in
electrohydraulic comnninution, that is very highly

Iocelized wear,



CHAPTER III CONCLUSIONS
3.1 FRACTURE MECHANISM:

It is concluded, on both thecoretical and experimental
grounds , that the chief cause of fracture lies in tensile
stresses due to hoop stresses and reflected tensile stresses,
Geometry of specimen and type of loading are important para-
meters,For example, 1t was very easy to produce pure Hopkin-
son spalling in long, flat rectangular prisms, provided that
the length of the spcecimen was greater than half width of
the shock pulse, that thc specimen was loaded at one end
perpendicular to its longest axis, and that the energy of the
discharge was enough to produce the required intensity of
reflected tensile stress at the far end,On the other hand,
when the type of loading was changed, in the samc specimens,
so that they were now loaded perpendicular to their shortest
axes, 1t was very easy to produce pure hoop stress fracture,

3.1.3 HOOP STRESSES

There are some similarities between the static hoop
stresses produced in a pressurec vessel and the present dyna-
mic hoop stresses, mainly in that the highest tensile stress
distribution is across the shortest redial section.Also the
dynamic hoop stresses have their peak at the inner surface
of the specimen,

There is however one significant difference.In the
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static case, the hoop stresses rapidly disappear when the
first complete crack decvelops in the pressure vessel, because
of the release of pressure,In the dynamic case , the pressure
(intensity of shock wave front) is not released after pro-
duction of the first crack, which simply halves the length
of arc subject to hoop stress by the wave front, (sce Fig.58)
Therefore, if there is still a sufficient length of arc
remaining for the front to produce large enough hoop
stresses ,($¥>= 2.R.sin2(:£—),p (17) ), further cracks
will develop. 2

There is as yet no satisfactory quantitative explanétion
of the remarkable symmetry of the radial cracks.Rinehart's(18)
explanation of angular symmetry, based on the critical
impact velocity, is for infinite bodies and does not take
into accounf the shape of specimen,From the observed fracture
patterns, it seems that angular symmetry dcpends largely on
the geomctry of the specimen, and the angle between radial
frectures depends on the intensity of the shock wave froht.

3.1, 2  HOPKINSON SPALLING

For Hopkinson spalling ,and for fractures due to concentra-

tions of reflected tensile stresses, the size of the feed

should be greater than helf the wave length , in order to

achieve efficient crushing .



3,2 PRODUCTION OF INTENSE REFLECTED WAVES
IN ORDER TO INCREASE COMMINUTION
EFPFPICIENCY
The reflection coefficient for the waves outgoing fronm
the particles should be incressed in order to increase
the efficiency of electrohydraulic comninution through
the agency of Hopkinson spalling and of fractures due to
concentrations of reflected tensile stresses,This was
achieved by starting the pulse at one face of a particle
in a dense nediun, e, g, water, while keeping the other
faces inm air, so that the reflection coefficient was
practically unity,Alnost a net doubling of crushing

efficiency was observed in the experinents,

3.3 SIMULTANEQUS MULTIPLE SPARKS

Using two sparks, produced sinultancously by two explo-
ding wires, across or along a rectangular prisn, reinforce-
nent of dynanic hoop stresses and =21so reinforcerient of
vreflected tensile stresses, were observed,Fron the above
observation it is suggested that the use of nultiple sparks
in electrohydraulic comnmilnution night incresse efficiency
for the following reasons:

a. Sone particles which with one spark i,e, one shock

wave front, would be only deforned elastically, umight be
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fractured by reinforcement of the stresses produced by
simultaneous wave fronts,

b. If they are genernted simultaneously near to each
other, a steep resultant shock wave front can be gencrated,
which might be more efficient than individual shock wave

fronts in crushing.However, this latter point remains to be

proven,

3.4 SELECTIVITY
The tendency of the spark dischrrge to follow solid

surfaces between two electrodes, and the resultant selec-
tive crushing of mixed feed , is a discovery made during
theserstudies.As the preliminary tests showed, the selec-
tive electrohydreaulic comminution can result in a concen-
tration process, which is very sensitive to certain elec~
trical properties.A thorough study of the_phenomenon remalins
to be made, but it scems at thc moment, that bulk conduc-
tivity, surface conductivity, and surfroce roughness play

a major role in the selectivity between rocks and valuable

minerals,

3.5 LIBERATION
Unlike the above studies on selectivity in crushing ,

using an annular electrode system, the experiments with a



pointed electrode system have shown little better libera-
tion than those of conventionzl methods,By combining better
selective crushing, using annular clectrode system with libe-
ration studies a better liberation might be expected; however,

thesec experiments have yet to be performed,

3.6 SHAPE

Electrohydraulic comminution resultsin a remarkable cubic
particle shape.This 1s a very desirablc feature for coarse
aggregates used in road making and concrete , where the
percentage of flaky material is limited by British

(42,43)
Standargs .

From the mineral technological point of view this feature
would be also desirable, especially in gravity scparation
methods, since in a certein size range the settling veloci-
ties duc to specific gravity would not be confused by
variations in particle shape ; consequently morc effective

separation would be possible between two mineral grains,

3.7 SIZE DISTRIBUTION
Sharper size distribution is & very dcsirable feature in
comminution processes,The product size is predetermined for
an effective 1iberg§ion of mineral grains in mineral

technology, and less over-crushing means both a saving in
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snergy and a saving of valuable minerals, e.,g., during
desliming in a floatation process,In the production of
coarse aggregates, the aim of querries is to produce less
fines which are considered as a loss of material and
discarded,

It seems from the experimental results that the size
distribution curves depend very much on the nature of the
rock, especially the grain size , for both electrohydraulic
comminution and jaw crushing. |

Genecrally, the coarse grained rocks give higher slopes
than fine grained, amorphous, cryptocrystalline rocks in
Iog-log plot.They are partially in agreement with the

Gaudin-~Schumanm size distribution "law",
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CHAPTER IV  APPENDIX:
THE ELECTROHYDRAULIC EFFECT AS A SCIENTIFIC
RESEARCH TOOL
4.1 INSTRUMENTATION

A geometric shape could be ioaded accurately by the
exploding wire technique, because of the very smaX¥l wolume
of the explbding wire or‘foil,Alsoy it is possible to pro-
duce seferal sparks simmltaneously with a high degree of
temporal precision,

An investigation has been started by the auther to use
electric resistance straim gauges for measurement of the -
stresscs produced by shock waves due to underwater dischargé.
In order to climinate electrical interference, the first
step was to shield the experimental assembly cémpletely and
to use coaxial cables for strain gauge circuit,In spite of
these efforte electrical interference on the strailn gauges,
which is proportional to the distance to thc discharge circuit,
i.e. spark gap , was considerably high.A cylindrical synthetic
rock specimen, in which twb opposite sensing 1/2" strain
gauges were placed during casting , was prepared, as shown
in Fig,62 .Using air discharges of 5 pF capacitor (undervater
diséharge would have fractured the specimen, and the aim was

only to investigate the electrical interference on the strain
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gauges) ,the interferences on the two strain gauges were
recorded on:. the oscilloscope screen, The photographs of the
recorded traces are shown in Figs.67 and 68 ,Analysis of
photographs are given in Figs. from 63 to 66 ,

Using a two channel (A,B) oscilloscope, the above two
traces were added algebraically together, but this was not
very easy, since for summing up each channel required
revérse triggering polaritics, This performance was achieved
using external triggering, which was connected to the earth
of the coaxial cable of one of the strain gauge, so that
channel (A) was being triggered say at (+) polarity, while
channel (B) was being triggered at (-) polarity,The figures
6L and 66 show the resultant interferences, Intensity at
the second peak was about 0.2 Volts , corresponding 4 kV
discharge voltage.

At 8 XV discharge voltage, the second peak of inter-
fercnces were about at 1,8 V for strain gauge (A) and
2,8 for strain gauge (B), It seems from these figures that
the interference is not linear with varying voltage, Therefore,
with increasing discharge voltage more difficulties would
be expected,

Another development was to use a high transient direct
current of 300-400 Volts and a few miliseconds duration

for strain gauge measurements, in order to make the above
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Fig. 64 The resultant interference trace of both strazin gsuges,
The interfercnces hsve been added glgebreically together
using two channels of one oscilloscope,

5 pF capacitor at 4 kV discharge voltage.
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resultant interference negligible, In preliminary experiments,
the strain gauges have been able to withstand a transient
direct current of 300-400 Volts of milisecond duration.

The experiments on this subject wére discontinued, since
the project was thought to be a research topic éf considerable
duration,

However, the above preliminary experiments show that,
with very careful preparatlon methods, two reverse sense
strain gauges coupled with transient direct currents of
high voltages, can be used giving fairly negligible

resultant interferences in the stress determinations on

artificial and natural rock samples,

L2 ROCK MECHANICS

Once instrumentation of stress~strain measurements is
solved , the electrohydraulic effect would be used very
widely as a research tool in Rock Mechanics,Especially,
dynamic loading caused by explosives would be scientifically
investigated using exploding wire, or foil or bare underwater
spark,

The geometric models of rocks could be loaded accurdely
by cylindrical shock wave fronts produced by exploding
wires and planar wave fronts produced by exploding foils,

and also by several different shock wave fronts



102

simultaenecusly e.g. cylindrical and planar wave fronts
simultaneocusly.

Also very high repetition rates can be generated by bare
sparks for vibration studies,

Bore-hole blasting can be reproduced in small scale models
by electrohydraulic discharges.In bore-hole blasting , both
the size of the bnrdsn end the wave length of the stress
pulse are of the order of metres, while the duration of the
pulse is hundreds of microseconds, in electrohydraulic
crushing the length of stress pulse is of the order of cm.
and the duration is microseconds .Hence, bore-hole blasting
could be correctly modelled, on a conveniently small scale
using electrodacoustic pulses, keeping the same ratio of
specimen size to wave length of stress pulse as in rock-
blasting. Moreover the electroacoustic pulse is more cylin-
drically uniform. than that from explosives, because the
whole lemgth of the spark is exploded at practically the
same time, while in expliosives there is the detonation velo-
city along the line of explosive to be taken into account,

Some properties of explosions can be investigated.In
electroacoustic sparks, the energy and shape of the wave

front can be regulated closely.
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b,3 DYNAMIC LOADING OF ENGINEERING MATERIALS
The behaviour of engineering materials namely, metals,

plastics,concrete, etc, are very important in design
problems of structures , machines, and missiles,Dynanic
loading of these materials wlth transient stresses are also
often encountered in actual conditions , but unfortunately
is not well explained.Thercfore, a precise scientific
rescecarch tool in dynamic stress-strain studies could be
very useful , and the same considerations which epply to
the use of electrohydraulics in research on rock mechanics,
might be expected to become in some cases of general use

in the dynamic study of engineering material ,
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Page 1

GRRATA

Page Line Wrong Right

21 Last solid particle. solid particle,but can be

| cenerated by longitudinsl
stress wave

23 9 the total hoop ... 2 hooD ...

23 11 compressive wave fronticompressive wave,is shown,As
as in pressure vessel |[a rough analogy, this may be
iss compared with the static cas

of a pressure vessel where,

23 13 diameter of wave diameter
front

23 1L compressive pressure [compressive pressure in the
of the wave front at [vessel shell
the distance a/2 from
the source

2% 16 The hoop stress... This anslogy is a first app-

roximation in the case of
dynamic compression,The ac-
tual hoop stress,..

Lo 1L expected, since,.. considerable, since ....

Lo 15 not possible for... reduced for,..




Page two

_ERRATA

Page Line Wrong Right
40 20 shear waves are shear waves are possibly
transmitted . .... transmitted.,...
Lo 21 the necesséry condi- the important condition for
tion which .... their formation, which ...;
Lo 22 a plane surface for a plane surface was nolt present
produced lonzitudinal
waves,was not present.
87 17 The total hoop tensilegReferring to the previous ans-
force,,.. logy, the total hoop tensile
force.ses |
91 18 (i)The metal wear... [(i) It is assumed that the
metal wear ..,
g2 6 is not a function,.. is not a direct function...
ol 6 ~hoop stress by the hoop stress by the ﬁave...
I wave front....
oL 9 enough hoop stresses |enough hoop sitresses, further,.

LI .2
(UCF—Z.R.Sln (C_ZE).p)

further ....
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