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ABSTRACT

*

3
\

The effectiveness of oscillating screens is affected by
!

a number of factors, which include the frequenQXfadd the
amplltude of oscillation, the screen slope and the drive
type etc. To.investigate the ways of igErOK%ng the screeningi
effectiveness, the study‘examined the'thejeffect of four

different drives; that is, the crank-pitman, the bent-shaft
, , )
and the guick-return oscillators, and the spatial crank

slider. The effect of the othe} variablegﬁwas also evaluated

when each of the.four drives was used.

\ .4 The kinematic equations describing the motion.of the

~ —

screen with each of the four drives were derived by .using

the relative motion theories; and the dynamic state of a ’
partdclebmoving on the screen was anagdysed when the particle
"was limited to continuous sliding motion. The dependent |
.variables, which indicate the scfeening effectiveness} are

defined. The dependent variables are the average relative

ve1001ty, the penetrating ratio and the eff1c1ency index. On
the ba51s of the dynamlc apd kinematic analyses, a
eomputatxonal model wae deyeloped with all the independent
variables as parameters. The modelqwas run for each of the
four drives and. d1fferent comb1nat10ns of%the 1ndependent

var1ab1es. The%resq;t data were plotted or tabulated



The significant factors affecting tHe motion of the
particle are the freéuenéy and the amplifude of oscillatioh,
and the screen slope. Tbé freqqgﬁcy and the amplitude have
~much the same éffects thparticle motion; the screeniﬁg ;
effectiven;ss-Yncreasesvwith eithef of them to a ﬁaximum and
then deéreases.'The efféc{'gf ihéfeasing the screen slope
depends onuthé frequengy and the amplitude used. The
crank-pitman osciliatof and the spatial crank slider impart
very similar motion to.the screen and the particle and the§
&ive‘ajbetter oppo;tunity for particle penetration tban the
other g@o drives.“céméa;ed with the other drivés, thg
QUiCR-re£urn déiveééan substantially increase the:percentage
of thé‘timé wﬁgh§;%e‘particle velocity rélative“to the
screen is lowef;iﬁahﬂlimit velocities. A motion with low

. T ;

maximum acceleration is not desirable for effective

screening.
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1. INTRODUCTION

Screening of particulate materials is a very important
process 1in both agriculture and,iﬁdustry. In agriculture,
grains are separated from contaminants th;ough screening;
and ieeds are usualiy cleaned and graded.by way of screening
before fhey are sown. In milling and brewing industr;es,
théusands cf tons of grains are Clganed and graded every
day. Beside;, many othec areas, Suchﬂﬁs medical'drug
production and construction material production, glso
tnvolve a great deal of screehjng of pard‘tulate materials.

.Though many difierent types of machines are used, the.
most commonly uwsed equipment to accomplish screehing»is an
oscillating screen. The effectivenesslof the oScillating
screen is affected by a number of variables, which include
the'frequéncy and the amplitdde of oscillation, the screen -
slope énd the drive type: In viéw of the practical
importance of the screening process, the deterMination of
the best operating'CQnditions fof the oscillating screen is
obvioﬁsly egqential;x' .

The research work‘done so far (Garvie 1966, Feller and
Foux 4975,.ﬁarrL$§n ang Blecha 1983) on oscillating screens

. ‘ )

has shown the following},

(a) the magnitude of the .maximum acceleration of the

N .

S N
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) } “\’
screen is a major factor affecting the scré@gfng

, efficiency, and there is an optimum value that
gives the highestvefficiency.

(b) there is a limit to the particle velocity relative
to the screen beyond which the parpicle cannot
penetrate.the screen perforations; and the
percentage of the time when the relative velocity
exceeds the limit véloéity indicates the
opportdnity that an oscillating screen can provide
for the passage of the particle through B
perforatiohs.

(c) controlling the orientation of prolate spheroid
particles can.improve the precision of separation
of such particles from those having a spherical
shape.

In all the previous work mentioned above, the
crank-pitman oscillator has been exclusively used as the
drive of the screen, and morgover, the screen motion has
been assumed to be sinuspidal in mést éases; which may have
greatly limited the scbpe and the precision of the research

. work. Harrison and Blecha (1983) states that the use of a

quick-return screen motion could be beneficial. As a result

1t 1s necessary that different drives, therefore different -

Y

screen motions be tried, and the effects of the other . )

factors be further evaluated.



2. LIiTERATURE REVIEW

2.1 Ogcillatihg Screens and Conveyors

An é;;illating screen or an oscillating conveyor is
essentially a surface supported or mdunted on parallel links
forming a parallelogram four-bar link mechanism which is

actuated by a reciprocating drive such as a crank-pitman

oscillator. Fig. 1 shows a typical oscillating screen or

conveyor with a the crank-pitman drive.

.Fig. 1 The Schematic of an Oscillating Screen or Conveyor
An oscillating screen can be used to grade or to clean

particulate materials. For example, the grain cleaners used



on agricultural machinery today are commonly oscillating
screens. An oscillating conveybr‘can transfer particulate
materials from ¢gne location to another by causing a

relative motion between the materials and the conveyor

¢

surface.

The major structural difference between the oscillating
A

i
l

séreen'and the oscillating conveyor 1is that the screen
surface 1s perforated whereas the conveyor surface ié not;
nevertheless, the performances of the oscillating screen
and the oscillating conveyor are bas{cally affected by the
same group of variables such as the frquency and the
amplitude of oscillation, the screen or convéyor slope and
the drive type. As a consequence, both screening ana
conQeying have been studied and developed side by side
(Berry 1958 & 1959, Schertz and Hazen 1963 & 1965, fo&ie'
1966, Hann and Gentry 1970, Feller and Foux 1975, Harrison
and Blecha 1983). The theories and results obtained on one

]
of them can be referenced and even used on the other.

Feller and Foux (1975) observed the motion of a comn seed
on both perforated and non-perforated surfaces. They
noticed slightly random deviations in particle displaCeheﬁt
and sﬁaller average relative displacement on perforated
-'.sgrfaces; however, tﬁe general characteristics of the
parfiéle‘displagement‘curVes were wery similar. They
Egnéluded that the eqhatidns for determining.thé parﬁicie

motion on a non-perforated oscillating surface can be used’

to determine the particle motion on a perforated \
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Pscillating surface, that is, an oscillatinguécreen.f

2.2 Motion of Particles

(3

For both the oscillating screen and the.oscillqting
conveyor, how particles move on them is impor%ant: In 1958
and 1959, Berry published the first two articles in which

he attempted to develop eguations for the movement of

3 -

particles on an oscillating conveyor. He stated that,
depending upon the freguency of oscillation’ the kinematic !
state of a rigid particle on an oscillating surface could

4

be in one of the four regimes (Berry 1958)

Regime 1. If the freqguency of the pan is sufficiently =
low the particle will remain stationary with !gzpect
to thevpan, no sliding what¥%oever taking placéi“The

'l .

range of frequency over which this motion occurs is

given by
L0 < w? < ngq/ (Xg+¥q)
,k\ Whereé, w is the frequency,

ug is the coefficient of static friction,

g is the acceleration due téigravity,

Xy is the amplitnde of pan oscillation 1in
the direction parallél to the pan surface,
and _ |

&0 is the amblitude of paﬁ oscillation.in
the difection vertiéal to the-pah surfaée..

Regime 2. The frequency is-in such a range that the



e
particle slides durfng b;ft of the cycle and remains
stationary to Qﬁe/pan over the rest of the cycle.

Berry named this motion stick-slip and the frequency
range 1is given by ‘
2

“Sg/(XO+HsYO) < '(a) < Msg/(XO_HSYO)

Regime 3. The particle isjin a continuous slidihg
motion throughout the cycle, then the frequency will
be in the following range.

ugq/ (Rg-ug¥q) < w? < g/¥g
Regime 4. The frequency is great enough so that the
particle 1is partly 1n contact with the pan surface

and sliding, and partly off the pan surface and

falling as a free body.

Schertz and Hazen (1963; 1965) studied the motion of

.granular materials on an oscillating conveyor. They stated

that the mate:ial could have a combination of four

different types of motion. They were (Schertz and Hazen

1961) ;

- (a) free fall,

(b) sliding negatively (down the surface slope),

(c) sliding positively (up the surface slope), and

(d) riding.

They derived the equations for each of t four types of

motion and defined the conditions under which each type of .

mdtion would end. Then, they simulated the motion of the

particle by using the equations and the Ebnditions. To

check

the validity of the theoretical prediction, they o



conducted an experiment on a test stand with a plastic
specimen as well as withﬁgfa;ns. Motion picture photography
was employed to observe the particle motion. -For some
combinations of the frequgﬁ%y,_the ampliggde, the conveyor
slope and frickional cﬁefficient etc. the éxperimental
results showed fairly good ag}eément with the‘simulgtion
results, for others they did not.

Following Schertz and Hazen (1963, 1965), Hann and
Gentf% (1970) did a study with an ellipsoidal object which
could roll on the conveyor surface so that the results- -
could be applicable to fruit conveying. They defiﬁéd that -
the obje;t‘eould move in one of the following nine modes

(Hann and Gentry 1970);

a. roll up normal, A b. roll up reverse,
c. roll down normal, d. roll down revérse,
e. slide up normal, f; slidé up reverse,
’ g. slide down normal, h. §liae down reverse, a;d‘
i. ride,

’yhere roll means.fhét the object ié rolling on the cbnveyor
bgurface, slide means thagfgke object is both'sliding and
Tolling, up and dan mean the up and down conveyor slopé\ﬁ
directions respectively, and normal‘angwrﬁversé depote ZQ\j
whether the rolling velocity is ;n'the’same direction as .
the rolling acceleration or ﬁqti’From the resulté of their‘.’
simulation, they concluded tﬁaf the aQeréderobjéct véiocity’
"increaées as the amplitgd% and the frequencf 6f osciilétion

"and the slope angle of the conveyor increage.



Garvie (1966) examined the operating coﬁditions for the
maximum effectiveness in grain cleaning and grading. He
stated that, to obtain  the maximum effectiveness of
‘separatign, the continuous sliding of the*grain up and down
on the screen is the moég favorable'type of motion since no

penetration of the screen perforations is possible while

« the particle is not in contact with the screen surface.

e

2.3 Orientation and Natural Rocking Frequency

’

of a Prolate Particle.

.3.1 Orientation

ording to Hann and Gentry/ (1970), a prolate object

»

has a specific orientation when/it is supported on an
oscillating surface. The orienfation can affec®™the motion
of the object on the oécillati g surface. The ogject, when

aligned with its long axis parallel  to the direction qf)

‘oscillation, will not travel on an\pscillating conveyor if
'sliding is not induced. It will only {rock back and forth.
When aligned with its long aki; perpendicular to the ]
direction of oscillation, the object will travel normally.
The effectiveness of conQeying can’fhué be affected b§ the .
”orzentatlon. On an oscillating screen the same a;éument
w111 hold moreover the gradlng accuracy ¢an be affected

if the or1entat10n is not’ taken into account in ch0051ng

the size and the shape of perforatlons,

- ' !,
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/
W e studying oscillating conveyors, Hann and Gentry

(1970) observed that the orientation of an prolate object
N ;

' is dependent of the frequency of oscillation. When
disturbed, a prolate object on a flat level surface will
rock at a certain rate. The rate is termed khe natural
rocking frequency of the object. Wheh the surface

oscillates at a frequency higher than the natural rocking

frequency of the object, the long axis of the object takes
an érientation parallel to the diredtion of oscillatﬂﬁ%:
whenthe oscillation frequency is lower than th?"naturai
rocking frequency, the long axis takes an orientation

‘ .

perpendicular to the direction of oscillation.

According to Hehderson and Newman (1972), a prolate

object on an oscillating surfacejk

Lo g
L

vibrat¥on system. The rocking of the object will be

"a slightly damped

essentially in phase with the surface oscillation when the -
gmequency of surfacéfo%cillation is lower than the natural

rockingy

£fxequency ofbphe object; otherwise the rocking is

out ofi‘phase. The phase difference affects the direction of

the moment caused by the frictionhal and inertia forces
about an axis normal to the surface and the direction of

the moment controls the orientation of the object.

2.3.2 Natural Rocking Frequency

‘ I N . . . A
When a prolate object is rocking on a flat level

surface, its mass center is moving in a vertical plane. If

\

damping is negleéted} thé’rocking is a process of
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conversion between kinetic energy and potential energy. In
other words, the system is consérvative or the total eneﬁg;
in the system is a constant; then, the maximum potentiafx
energy must equal to the maximum kinetic energy. Accogqgng
to this theory, Mofor (1976) derived anvequation for &hé
natural rocking frequency Yf a prolate.object; that is,
£'= [1/(27)1[59(a2/b2<1)11/2/[b(a2/b%+6)11/2,
where, a 1s half of the long axis‘of the wobject,
b 1s half of the short axis of the object,
g is the acceleration due to gravity, and with a,"b
and g having .consistent units. ’ /\

By using the dimensioné bf{wheat, cats and barley
measured hy Edison and Broggh (1972), Harrison and Blecha
(1983) calculated some natural rocking frequencies with the
formq}a above. As the régults were all greater than the
oscillating frequencies commopnly gsed on cémmercial‘QQain
cleaners, he concluded tha£ the perpendicu}ar orientation

is the usual orientation for grains such as wheat, oats and

barley. ‘ v o

2.4 Variables Defining Screen Motion
Berry (1958) defined an oscillating cOnveyor a{ a

trough or platform which could oscillate in a vertlcal

¢

plane conta1n1ng the longitudinal axis of the troug (Flg
\

1); then, the convgyoy. is completely spec1f1ed by (Berry

1958);



<} a. the mean hanger angle to the vertical,

b. the amplitude of oscillation, and

c. the freguency of oscillation.
Probably, Berry (1958) assumed that the trough was
horizontal; however, for oscillating screens, a screen
slope angle is often reguired to transport the oversized
parti&les to the edge of a §;?een; henée the pan slope
should be added as the fourth variéblg for generality
(Feller and Foux 1975, Hérrison and Blecha 1983).

The four variables are the main ones which define the
geometry of the screen and 1ts motion when a specifdc

driving mechanism is used. Feller and Foux (1975) termed

these four variables the screen motion variables.

‘Q§

[/f2;5 Friction between Particles and Screen
In the direction parallel to the screen surface,
friction is the only means by which the oscillating\screén
can exerﬁ a force £o a particle and causes its state of
motion to chahge; thus, the characteristics of friction
(namely kinetic or static), théﬁmﬁguﬁtude and the direction
of the frictional force all affec%iﬁhé‘motion of the
‘particle. o ‘, 'iuf:F:fU
| There,have been some new theories about the mechanism

wof frictidﬁ; howevér,'CoulOmb’s laws. are still wiaely
‘aécepted, espgcially in engineering areas. Cqulomb's laws

of friction state that the frictional force (Henderson,

Fi

A
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1967) ;.

a. is directly proportiona® to the normal force acting

between two surfaces,

b. 1is independent of the area of contact,

c. depends on the nature of the materials in contact,

and

d. 1s 1ndependent of the relative velocity between-the

two surfaces in,Centact when friction is kinetic,
i.e., Qhen sliding exists between the surfacee in
contact.

Bickert and Buelow (1966) studied the kinetic friction
and concluded that the friction coefficients between grains
and steel or wood surfaces were not affected by the |
moisture centent, the normal load and the velocity of
sliding. |

Berry (1959) stated that the kinetic friction
coefficient is almost invariably smaller ;hanvthe static
coefficient and that there is no intrinsic relatienship-
-between them. It is necessary to determine which
coefficient is in effect at‘a'specific time in the process
vef particle motion. For a particle to slide continuddsly on
an oscillating surface, Feiler and Foux (i975) preségted'
the following conditlon' - H | |

|d2x /dt2| > |a?x /dt2| = 1,9
where, xs is the égﬁplacement of the surface, . ,”‘h
xp'iS'the,disblacement of the ﬁarticleﬁ'

_ r
t is the time, - .
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YA
4, is the kinetic coefficient of friction, and
g is the acceleration due to gravity.
If the particle moves up and down on the screen, sliding
stops at the instant when the particie velocity relative to
the fqreen‘changes the direction. Féiler and Foux (1975)
_Statg that 1f the'equation above holds at that inpstant, the
particle should renew its sliding instantaneously. TheyA
also state that It is unpecessary to coﬁsider static

friction at that instant since the friction ?oes not return

immediately to its static value when the sliding ceases.
F s

-

. &
2.6 Penetration of Particles through Perforations

2.6.1 Conditions for Penetration ’

I4

Garvie (1966) stateg that penetration can 6nly occur

when the particle is over a perforation and directed

through it by means a force, which is normally the force of

s

gravity.
Feller and Foux (1975) state ﬁhat,the sCreen motionﬁis

"to facilitate tﬁe penefrétion_of particles through

jperforations; thﬁs, it should Satésfy the fpl}qwing‘

reduﬁféments; | ' , 2 | .

a. to bring particles into aliénment with tﬁel

.'perforétions,
b. to écﬁig?e'thé-appropfiate particlg-vélocity

relative to the screen for penetration of



’e

%%ﬁk penetratlon 1f the prlor opportbnlty 1s

pa:ticlé when it 1s aligned with‘a perforatjon,-and

L]

c. to obtain another Opportuhity for partlﬁle

®

unsuccessful.
Pard

4 _
‘éghe first two requ1re that the particle sbe in motion

/

(~felat1ve to the screen surface,gwhereas the second means

)
that the relafjve velocity, the perforation and the

partfclélsizes showld be such that the pgrticle can have

enough t1me to sank 1nto a perforation under the effect of

gravxty when 1% 15 in &lignment w1th the perforation.

¢
.

° <
2.6.2°E££ect of Screen Motion Variable%
. A : ’ b

o

The,penetration of particles through & 'screen is

‘affected by the screen motion, which \in turn is a function

of the screen motion varidbles including the frequency and

*

the ahplitude’of oscillation, the hanger angle and the

screen slope} hence, the influences of these variables on

>
v

p@hticle'penetration are examined. N g
: Garvie (1966) concluded from some ear!@:ﬂnvestlgat1ons

~ [Y °

that the effect1venes§ of a screen- depends' to a large

»

“extent, on the magnitude of the maximum acceleration of the

.
screen., Feller and Foux (1975) defined the percent of

particles that penetrated the screen in a given time
\ , : T o
period Gut of the total number of undersized particles

that were loaded on the screen, as the passage percentage.

The results of their experlment showed that the passage

pgrcentage‘depended on the maximum screen acceleration as



the major parameter, Independenély of the effect of the
Séreening duration, the passage percentage increased with
thefscreen accelerafion up-to a maximdm, and  then decreased
sharply at Higher accelerations. They used screen slope
angles of up to 10° and hanger angles of up to 30? in their
expériment. Either of the two variables showed effect on
the passage percentage; consequengly, they concluded that
the screen inélination and the hanger angle did not affect
the penetration of particles at the values common to
oscillating screens and that the role of ‘these two

vgriables was limited to the control of screening duration.

2.6.3 Limit Velocity
When a particle is moving on a screen, it can align ’

with a perforation, but it needs time to fall through the

perforation under the effect of gravity. In other words,

there is a limit to the particle velocity relative to the

: \
screen for the particle to pass thraugh a screen

perforation of a specific size; above this limit velocity

the particle will jump over the perforation rather than
. . R

pass through it.

For a prolate particle moving down the screen slope as
2 _
-~ ‘ ) ,
shown in Fig. 2, Garvie (1966) gave the limit velocity as

v = [D—(1/2)c:osaz]/{2[(D—1/2)sinoz+(d/2)cos@]/g}1/2

A

Whére;ll is the long axis of the particle,

d is the short axis of the particle,

D is the perforation length, and.



Fig. 2 A Particle Penetrating A Perforation

a 1s the screen slope angle.
g 1s the acceleration due to gravity, with the
variables having consistent units.
When a = 0, that is, for a horizontal oscillating
screen,

v = (D-1/2)/(d/q) /2

2.7 Driving Mechanisms
A crank-pitman oscillator (see Fig. 1) has been the

most commonly used driving mechanism for oscillating

16

screens. Considerably different motion characteristics of

the screen can be obtained by changing the dimensions and

the relative position between the screen and the drive.

Only with some special arrangement can a sinusoidal motion

o



be approximated with the crank-pitman drive; however, a
sinusoidal motion of the screen has been assumed by almost
all the previous reéearchers because of the ease of the
mathematical description. Turquist and quterfield (1961)
pointed out that this simplifying assumption cou%d affect
the validity of the theoretical equations of particle
motion on an oscillating surface% moreover, whether driving
mechanisms other than the crank—pitman oscillator can
improve the screening process has never been attempted.
Har;ison and Blecha (1983) indicated that a quick-return
(non-sinusoidal) screen motion might improve the
opportunity of particle penetration without altering the.
limit velocity. Non-sinusoidal motions can be obtained with

some spatial mechanisms and the guick-return mechanism.

f2.8 Summary . | )

The oscillating screen and conveyor, though having
different functions, are similar in many aspects. TheorieS'
developed with one of them can be referenced or adopted for
the other.

A particle may move on an osc;)lating surface 1n a
number of different modes. Depending on the motion of the
surface, the partiéle may slide, roll, slide and roll, ride
“and even hopvonrthe‘surf;ce. éor an 6scillating‘screen, thé
desirable type of particle motion 1s continuous sliding

since it gives more chances for the particle to_align with
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screen perforations.

When disturbed, a prolate object on a flat surface
rocks at a certain rate, which is termed as the object's
natural rocking frequency. This frequency is determined by
the geometry of rﬁe object only. When thefsurface 1s
oscillating at a frequency higher than the natural rocking
frequency of the object, the object will take the
orientation that its long axis is parallel to the plare of
oscillation; otherwise perpendicular to the plane. The
orientation affects the d}mensions of the aperture.

When a specific drive is hsed, the variables that
define the geometry and the hqtion of an oscillagﬁng screen
are

a. the ffequency of ?scillation,

b. the amplitude of oscillation,

c. the screen slope, and

d. the hanger'angle.

The major. factor affecting tke particle penetration 1is
the maximum accelération of the screen, which is largely
determined by tﬁe frequency and the amplitudé of
oscillation. The screen g}ope and the hanger angle do not
affec£ the particle penetration significantly, but they
' af}eét the screening duration. |

For specific particle and perforation sizes as weli as
Screen slope,‘there is a particle velocity relati?e to the
screen known as the limit velocity. When the limit vélOCity

is exceeded, the particle will jump over the perforation

~



without passing through it.

Much of the previous work has been done -on oscillating
conveyors, and the theory of particle conveying with |
oscillating conveyors has been comparatively well

. O
developed. Harrison and Blecha (1983) has pointed out that
very little has been done on oscillating screens. Alsq, a
simple‘harmonic or sinusoidal motion has been always
assﬁmed to avoid the complexity of deriving thg éxact
equations for the screen motion. This assumption can affect
‘the validity of theoretical predictions of particle motion
and of the effect of the various variables. Furtheymofe, *

whether drives other than the crank-pitman oscillator can

improve the screening process has not been studied.



3. OBJECTIVES
The primary-objécti?e of the study was to compare the
usefulness of different drives to oscillating screens by
using the technigue of computer simulation. This entailed;
(1) developing eyvations which describe the motion of the
screen when the drive i1s a;
(a) crank-pitman oscillator,
(b) bent-shaft oscillator, -

(¢) spatial crank-slider, or

N

(d) quick—re%urn oscillator.
’ (2) Qsing the equatioﬁs to simulate the motion of the

particle on an oscillating screen for the follgwing
variables; .

(a) freguency of oscillation (f),

(b) amplitude of oscillation (A),

(¢) screen slope angle («),

(d) mean hanger angle (¢;),

(e) hanger length (R),

(f) pitman length (L), = /’
and for tﬁe crank-pitman drive, A ,

(g) initial pitman slope angle (8,),
and for the bent-shaft drive, o )
| (h) bentjangle (ﬁ), |

and -for the spatial crank drive,

4 o ~2o‘



(1) pitman length of the drive (r,),
# - (j) input shaft angle of £he drive (8),
and for the quick-return drive, |
(k) center distance (h),
(1) swing bar height/center distance ratio (e).
(3) determining which variables are significant to the
motion of the particle and which ones are not, and the
manner in which the significant variables affect the

motion of the particle.



4. MODEL DEVELOPMENT'

Modeling is Qne‘of the most u;éfzz‘}echniques in the
theoretical study of physi;ETfE;;;esses. %o simulate the
partiqle mo?ion on an oscillapﬁng screen, a computational
simulation model was developed. This entailed simplifying
the sysﬁem with some appropriate assumptions and analyzing
éhe motion of the screen and of the particle. fhe equations
determining the velocities and accelerations of the screen
were developed for the crank-pitman oséillator, the "
bent-shaft oscillator, the spatial crank-slider and the
quick-return oscillator. The acceleration and velocity of
the particle were also determined. The limit velocities were

discussed, the penetrating ratio and the efficiency index

were defined.

4.1 Assumptions
The following assumptions are made to simplify the
system and té dévelop the simulation model.
(a) Only one parti?le 1s assumed tg be moving on the
screen and it does\not contact the side walls of the
screen so that there is no particle to particle or
parti;le td side wall interferencé.

(b) Coulomb'gs laws of friction apply; i.e., the kinetic

-~

22



/ 3 ! 23

coefficient of friction between the particle and the
screen surface 1s constant; and therefore, is
independent of the relative velocity and the contact

area. .

(c) The perforations\on the screen do not significantly

affect the characteristi of pafticle motion (Feller
and Foux 1975); thus, the effect of screen perforations
on particle motion 1is neglected.‘

(d) The particie does not roll on the screen as would
be the case for some grains.

(e} The length of the screen is ignored.

(f£) The ailr resistance to the moving particle is

neglected. e

4.2 Motion of the Screen g

As noted eaflier, the scréen surfarce, the hangers and
the fraéé form a parallelogram four-bar link mechanism (see
Fig. 1). The motion of the screen is translational; that 1is,
the kinematic state of every point on it is qxac&ly the same
at any time, and the motion of the screen can be represented
by that of any single point on it. The joints connecting the

Zhénger and the screen (point S on Fig. 3 is one of them)
'méve along an arc. The .length of the arc is the amplitude
(A) of the screen motion. The angle betweeﬁ-thé hanger and

the .vertical at any time is the hanger angle (¢); the

\
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hanger angle at an assumed time zero 1s the initial hanger
angle (¢,) and that at the mid-point of the amplitude is
refered to as the mean hanger angle (¢_).

The screen can be actuated by several types of
reciprocating drives. A crank-pitman oscillator 1is commonly
used because of its simplicity. Other driving mechanisms can
also be used though they have. not béen tried for grain

©

screening. The bent-shaft, the spatial crank-slider and the
gquick-return are three oscillatons that can be used for
screen oscillation (Chen 1972). In order to develop the
model and compare the effect of different driving
mechanisms, the mathematital equations describing the motion

of the screen will be herein developed when each of the four

drives mentioned above 1s used.

A}

4.2.1 Oscillating Screen with Crank—-pitman Drive
"

A
4

4t2.1.1 Geometric Relationships

The geometrie relationships for an osciliating screen
with a crank—pitman‘grive can be examined from Fig. 3 a in |
which OD is the crank, SD is the pitman or connecting rod
and 04S is a hanger. Suppose that when time t is zero, point
D is at Do; then, as shown by the dotted ?;nes (0456Do0) in
Flg. 3 a, the’ ;nltlal hanger angle is ¢o, and the pltman is
inigially perpendicular‘to the crank and has an initial

-

siépe‘angle of &,. The crank has a length of r and is

¢ -



Fig.

(c)

3 An Osc1lla;1ng Screen with the Crank pxtman Drive
(a) Geometric Relationships
(b) Velocity Polygon
" {c) Acceleration Analysis

25
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Cowe

Q
rotating counterclockwise in an angular velocity of w. The

hanger length 1s R and the pitman length is L. At any time
t, the crank has turned an angle wt, the new positions of
the c}ank, pitman and hanger are shown py.the solid lines
(04SDO) in Fig; 3 a. The screen slope angle i1s a and hanger
angle is.¢. To find the geometric relationships, two
auxiliary lines, 0,0 and 0D, are added which have the

{

lengths of T and M respectively; then from Fig. 3 a,

W = Lcosd.-Rsingg-rsind,
Z = Lsindy *Rcospo+rcosd,

A = tan 1 (W/2)

In triangle O]OD,

i

n A‘Ut*bo

M (T2+r2-2Trcosn)1/2

By the rule of sines,

r/siny = M/sinn

or y = sin” '[(r/M)sinn] i
In triaﬁgle 0,SD, by the rule of cosines,
L2 = R2+M2-2RMcos (¢+A+y)
Then,
¢ = cos” '[(RZ+M2-L2)/(2RM) ]1-A-y (1)
Also, M? = L2+R2-2LRcosy ;
¥ = cos™ [ (L2+r2-M2) /(2LR) ]
Since -8 = (n/2)-¢
then;  6‘=1w+¢-(#/2) . . (2)

" With the equations‘above, the hanger angle ¢ and the



pitman slope angle & at any time can be determined.

4.2.!;2 Velocity Analysigv

As statéd earlier, the motion state of the screen can be
represented by that of one point such as point § in Fig. 3.
According to the method of relative velocity (Barton 1984),
the velocity of éoint S (Vg) is the vectorial summatibn,of
the velocity of point D‘(Vd) and the velocity of pbint’S
relative to point D (V. ); i.e.,
| Y? = Vq+v, (3A
‘Here, the capital V denotes the velocity vector and a small
v will be used to denote the velocity magnitude.

The velocity polygon is—shown by Fig. 3 b in which the
angles bétween every two velocity veétors are alsg
indicated; "then, from the rule of sines,

vs/sin[(ﬂ/Z)—é—wt+6o] = v./sin(wt-8,+9¢)

= vg/sinl(n/2)-¢+5]

or vg/cos(wt+d-8,) ve/sin(wt-8,+9)

va/cos(¢—6)

Since vg = wr
7.‘3
§
then v, = wrsin(wt-8,+¢)/cos(¢-5) v (4)
Vo= wrcos(wt+8-8,)/cos(¢-8) N , (5)

The screen velocity components parallel and
perpendiculaf‘to}the screen surface are respectively;

N Vsp * Vscos(¢+a). ' o ; 1 (6)
vsv”=,vSSin(¢+&)_ | - B v 7y

Here subscripts p and v denote parallel and
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* perpendicular components respectively. Down-slope parallel

velocity and upward perpendicular velocity are assumed

positive.

4.2.1.3 Acceleration Analysis
To find the acceleration of point S (A ) the metﬁod of
relative acceleration (Barton i984) 1s applied which states:
Ag = Ag+h, | | ()
where Ay 1s the acceleration of point D and A, is thHe

acceleration of point S relative to point D. Here also the

,eqPitéllA is to denote the acceleration vector and a small a
\ ,

will be used to denote the acceleration magnitude.

* Each of the three accelerafion vectors in eguation 8 can
be resolved into :wo bemponentg; one 1is tangeﬁtial and the
other 1s normal to rhe direction of the correspondlng
velocity (the directions of the velocities are shown by §he
velocity polygon in Fig. 3 b). The resolution of the three
acceleration vectors is illustrated 1in éig. 3 c. Equqfd&aﬁ
can then be accordingly expanded into a normal and
tangential component form:

, ASnj“Ast = Adn""zf‘dt;'”"r; Art (9)
where édbscribts n and t denotefhormél_and tahgential
compo%gnts respect1vely / t |

: By~not1c1ng the1r dlrect&ons shown in Fig. 3%3, the

-

Py

acceleration components in equation 9 can be~epressed in

. , .
b L

. ¥

. Y

expenenthl form as follows (Barton 1984);

=1t(Vs)2/R]eiF(ﬁ/?)"¢J_



._ (r-9)
Age = g

2,2

Adn = W re':\i[(ﬂ/2>—h)t+6o]

Agy = 0 {Cbnsﬁant crank’ angular velocity)
e V21 (e ib |
Arn = Lv)?/L]e
A = a tel[(ﬂ/z)‘é]

rt r

where ag, denotes the magnitude of -A the tangential

str

acceleration component of point S; and a denotes the

rt

magnitude of A_,, the tangential acceleration component of
point S relative to point D.

Substitute the expressions above into equation 9,

[(VS)27R]ei[(WVZ)‘Q]+astei(”_¢)

2 -1l (n/2)-wt+d,])

+[ (v ) 2/L)e  104a el in/2)-0] | (10)

Equating the real and the imaginary parts on both sides

of ‘equation 10 respectiveiy yields

[(vs)z/R]sin¢—astcos¢ = wzrsin(wt—éo)

+[(vr)2/L]cos<S+artsin6 (11)

2

[(VS)Z/R]cos¢+astsin¢ = -—wrcos(wt-8,)

. —[(vr)z/L]sin6+artc056 ' | (12)

In eqhations 11 and 12, astvand apy are the only

unknowns. By putting

A1 = COS¢

A2 = —Sin(f). ,

B, = sind h
Bz;= cosd

Cy = [(VS)Z/R]sih¢~w2rsin(wt*éo)-[(vr)Z/L]cosé

'C2 = [(vs)2/3]cos¢+w2rqos(wt-éo)f[(yr)z/L]siné
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and solving equations 11 and 12 simultaneously, we get
agy = (C1Bp=CoBy)/(A1By=ALBy) (13)
a.. = (CrA;-CqA,)/(A;By-A,By) (14)

The total acceleration of the screen is,

a [(ast)2+(asn)2]]/2

S
= [lagy) 2+ (vg)4/r2)11/2 (15)

‘The acceleration components parallel and perpendicular

to the screen surface are (see Fig. 3 c);

;asp astcoé(¢+a)+asncos[(w/2)+¢+a]
astcos(¢+a)~asnsin(¢+a) (16) .-
' agy astsin(¢+a)+asnsin[(ﬁ/2)+¢+a]

= agySin(e¢*a)rtagcosio+a) (17)
Here subscripts p and v are also used to denote parallel
and perpendicular components of the screen acceleration

respectively. The parallel component a 1s positive when

Sp

its direction is.down the screen slope, and the
' 4 -

perpendicular component a 1s positive when its direction

Sv

is upward.’

4.2.2 Oscillating Screen with Bent-shaft Drive -

4.2.2.1 Geometric Relationships

The schematic of an oscillating screen with a bent-shaft
drive is shown in Fig. 4, in which drawing a shows the
initial positions. Suppose that when time't is zero, the

bent shaft OF is horizontal (Fig. 4 a), the swing bar DO ig
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then vertical, and the conqﬁcting rod SD is also horizontal
hence perpendicular to the swing bar. At any time t, the
crank has rotated an angle wt (see Fig. 4 b), the swing bar
has turﬁed an angle 6, the hanger angle is ¢ and the
connecting rod has a slope angle 6§ with respect to the
horizontal. 0D and 0,0 are connected with two auxiliary
lines which have the lengths of M and T repectively.

.From the initial positions shown in Fig. 4 a,

W = L-Rsing,

!
Z = r+Rcoso,
and from Fig. 4 b,
' T - (w24g22)1/2
A= tan"1(W/Z)
From' the géQmetry of tﬁe benf-shaft,
tand =‘£r1sinwt)/9 = fanBsinwt
or g = tan;1(ianﬂsinwt) ’ N (18)
In triangle 040D in Fig. 4 b, ‘
n = A6 |
M = (T2+r2:27rcosy) /2
M/sing =-r/§iny
or Yy = sin_l[(r/M)sinn] X
In tfiangle O1SD,\by cosine rule,
) L2 - R2+M2—2Rgcos(¢+k+y)
¢ = cosf][(R2+\2—Léi/(2RM)]—k—y | o (19)
Also, M2 = R2+L2~2R:XOSW I

y = cos™ V[ (R?+L24M2) /(2RL)]

Since y-6 = (m/2)-¢ \ )
o \



(a)

‘ (c)

Fig. 4 An Osc1llat1ng Screen with the Bent- shaft Drive
: (a) Initial Positions :

(b) Geometric Relationships

(c) Veloc1ty Polygon
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6 = Yy-(m/2)+¢ (20)
The hanger angle and the slope angle'of the connecting

rod at any time can be determined with equations 19 and 20.

4.2.2.2 Velocity Analysis

In the analysis hereinafter, the notations and sign
conventions pertinent to velocities and accelerations
defined in .the previous sectioh will be followed.

To determine the velocity of the screen, the output
‘velocity of the d;ive, l.e. the velocity of point D, must bé
found first. |

The linear displacement of point D is given by
. —

Xd=r9 >

and with reference to‘equation 18,
X3 3drtan‘](tanﬁsinwt)
Dif?erentiation of Xa with respect to time t yields the
velocity of point D as given by Chen (1972):
vg = (rutanBcoswt)/(1+tan2Bsin2wt) (21)
Applying the method of relative velocity (equation 3) on
the connecting rod gives the velocity polygon shown in Fig.
4 ¢. From sine rule, | |
vs/sin[(ﬂ/Z)-é—G] = v, /sin(8+¢) = vd/sin[(n/2)~¢+6]
or vs/cos(6+03 ; vr/sin(9+¢) = vd/coé(¢-6)

€

thgh,

v vgsin(6+¢)/cos(¢-8) ’v (22)

r

v vgcos(8+6)/cos(¢-8) . . (23)

S

The velécity gomponents parallel and perpendicular to
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the screen surface are still given by equation 6 and 7

respectively;

Vsp =‘vscos(¢+a)

n

vSV

4

vesin(e+a)
4.2.2.3 Acceleration Apnalysis

To determine the acceleration of the screen, the method

of relative acceleration is applied which gives equation 9:

AsntAst = Agn*BAgetArptAcy (9)

Here, (see Fig. 4 b) _
s Asn _ [(Vs)z/R]ei[(ﬂ/z)_¢] ' “
' i(n-g)
A = agpe

Agn = [(Vd)Z/r]e—i[(ﬂ/Z)_ﬁ]

Agt =.adtei(n+9}

_ 2 -16 .
Arn - [(Vr‘) /L]e 1 -~
Apy = artei[(ﬂ/Z)_él

Substituting the expressions above into equation 9, we
get
[(vs)z/R]ei[(w/2)—¢]+astei(n—¢)
= [« vd)z/r]e il(n/2)- 9]+adtei(ﬂ+0)
+[(v)2/L)e 184a  il(n/2)-0] (24)
Equating the real and the imaginary parts on goth sides
of eguation 24 respectively gives | |
- [(yS)Z/R]Sin¢—a &cos¢ = [(vd)z/r]sine—adtcose
+[(v,)2/L]coss+a resing (25)
~and )2/Rcos¢+ast51n¢ = -[(vd)z/r]cose adt51n9

- (v, )2/L]s1n6+a tcosé - (26)
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In equations 25 and 26, agy can be determined by
differentiating vy (equation 21) with respect to time t.

2rtanBsinwt[1+tan2B(1

agy = dvg/dt = {-w
‘ +coszwt)]}/I1+tan2ﬁsin2wt]2 (27)
Then ag, and a,, are the only two unknowns left 1in

equations 25 and 26. By putting

hy = -sing
By = sind
By = cosé

[(Vs)z/R]sinQA[(vd)z/r]sine

@]
"

+adtcose—[(vr)2/L]cosé
Cp = [(vg)?/Rlcose+[(vg)?/ricoss
+adtsin6+l(vr)2/L]sin6

and solving the two eguations simultaneously, we get

equations 13 and 14;

1)

_art = (C2A1_C]A2)/(A182‘A281)
Then, the total acceleration of the screen is diven by

\

equation 15,

0

[(ag,)2+(ag,)2]1/2

[(ast)2+(vs)4/R2]]/2

ag

and the acceleration components parallel and pefpendicular

.

to the screen,surface are given by equations 16 and 17

respectively — ‘ -
asp = astcgs(¢+a)-a8nsin(¢+a) '
agy = astsin(¢+a)+asncos(¢+d)
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4.2;3 Oscillating Screen with Spatial Crank Drive
4.2.3.1 Geometric Relationships

The spatial crank-slider connected to a screen is shown
by the schematic in Fig. 5 i1n which FO is the spatial crank.
The 1nitial positions are shown b} drawing a. Suppose that
when time t 1s zengj_the crank 1s horizontal, the éonnecting
rod SD is in alignment wieh the Slider‘DE hence 1s also
horizontal, point D is at D, and the hanger angle is ¢,. At

~any time t, the crank has turned an angle wt, point D has

moved a distance Xq from Do, the hanger angle and the
conneécting rod slope angle are respectively ¢ and &§.as shown
by Fig. 5 b. To find the geometric relationships 04D, and
O0,D are connected with two auxiliary lines that have the
lengths of T and M respectively.

From the initial positions shown in‘%ig. 5 a,

W L-Rsing¢,

A RCOS¢0

and from Fig. 5 b,

’
L

N = tan” (w/z) | &

At any time t the horizontal displacement of joint F can
"be found from the geometry of the drive (Fié. 5 b) as-
“}ﬁllows:

f = rsinwtéos(n/2fﬁ) = rsinBsinwt

Then the displacement of point D given by Chen (1972) is
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(c)

Fig.5 An Oscillating Screen with the Spatial Crank Drive
(a) Initial Positions _
v(b) Geometric Relationships
(c) vVelocity Polygon v



Xg = (12-r2+£2)1/24¢2(12-02)1/2
Putting wu = (12—r2+f2)]/2, then’
Xg = utf-(12-02)1/2
In trianglé 04DDy 1in Fig. S b,
M = (T2+X53%-2Tx4sinn) /2
M/sin(m/2-\) = Xg/siny é?
y = sin—][(xd/M)cosA] )
In triangle O0,SD (Fig. 5 b),
L? - R2+M2~2RMcos(¢;x-y)

thus,

o = cq’g§{1R2+M2—L2)/(2RM)]—k*Y
and M2 = RQ;L2‘2RLCOSW .

¢ = cos '[(R%+L%-M2)/(2RL)]

(o]
1]

y-(n/2)+¢

4.2.3.2 Velocity Analysis

The output ;elocity of the drive, vy, can
differentiating X3 (equation 28)4with respect
vg = dxd/dé = [(f/u)+1]5w
where k = rsinfBcoswt .

The épplication of the‘hethod of relative
the connecting rod gives the vélocity polygon
5 c.

From sine rule,
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(28)

(-30)

be found by
to time t.

(31)

velocity on

shown by Fig.

vs/sin[(n/Z)-é]-= vr/sin¢ = yd/sin[(w/2)-¢+6]‘

Then

Ve = ydsin¢/cos(¢—6)

(32)
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Vg = vgcosé/cos(e-9) (33)
The velocity components parallel and perpendicular £o/‘
the screen surface are again given by equations 6 and 7
respectively;

sp vSCOS(¢+a)

v

h

v

] +
sv v551n(¢ a)

-

4.2.3.3 Acceleration Analysis

Equation 9, written according to the method of relative

\

acceleration, 1s again applied.

Agp*h = AQn*Age*ArntAre

st

Here, from Fig. 5 b,

Asnﬂz [(VS)Z/R]ei[(ﬁ/Z)-wl

ei(ﬂ~¢)

g
"

st

0 (Since V4 is always horizontal)

>
Q.
o]
n

*

Agy = agee'”

[(v)2/L)e 18
o eil (7/2)-8)

>
1

b
n

Substituting the expressions above into eguation 9, we

get

[(vs>2/R]ei['(n/2)‘¢]4ast'éi(rr—q)) = ageel”

i_+[(vr)z/L]e_ié+artei[(“/2)_6] ‘ (34)
Equating the real and the imaginary parts‘on both sides
-of equation 34 gives;
[CVS)Z/R]sin¢—éstcos¢
= -adt+[(vr)z/L]cosé+aftsiéé (35)

‘and, ’ . : ‘ '



. 49
\'v‘;,:‘é;‘,jp‘?,’h ‘
[(vsf%(RJCO§¢+astsin¢
= -[(v.)?/L]lsiné+a  cosé * (36)

ajgy can be obtained by differentiating vy (equation 31)
with respect to time t. '

agy = dvg/dt = -[f(f/u+1)—kz/u(fz/u2—1)]w2 ‘ (37)

Now, 1n eqguations 35 and 36, only agy and art are left

unknown. By putting

A1 = CO0S¢

A, = ~sing

B, = siné \ﬁ.r" N

8, = cosb \

Cy = [(vs)z/Rlsin¢+adt—[(v;QZ/L]cosé 2,
é? C, = [(vs)2/R]cos¢+[(vr)z/L]égné

. N RN
and solving the equations simultaneously, we agéin get

equations 13 and 14; } \\ N

agy = (C4B,~C,B,)/(AB,-A,B )

,'7

a,p = (C2A1—C1A2)/(A1B2~A2B1) ‘ E
. v
Then the total acceleration of the screen I's also given

f
%

‘by equation 15,
tag = [(agy)2+(agy)211/2
[(ast)2+(vs)4/R2]l/2

g (730 '!\
and the acceleration components parallel and perpendicqlar

to the screen surface are given by equations 16 and 17 ,

respectively; ‘ R ‘ ) .
asp = agecos(g+a)-ag,sin(¢+a)
dsy = agysin(g+a)+agcos(g+a)



4.2.4 Oscillating Screen with Quick-return Drive

4.2.4.1 Geometric Relationsﬁips

The schematic of an oscillating screen with a
guick-return drive is shown in Fig. 6 in which OB is the
crank length r, 003 is the center distanée h, and DO4 is the
swing-bar height H. H/h is called the swing-bar |
height/center distance ratio (e) of the bar/center ratio for
short. Fig. 6 a shows the initial positions. Suppose that
when time t is zero, the swing bar is vertical and is in
alignment with the crank, apd the connecting rod SD is
horizontél. B is a point on the slider and B' is the ,
coincident poin£ of point B on the swing-bar. Because of the
étructural resé%blance, the oscillating screen with a .
guick-return drive has the same geometric relationships as
~the one with a bent-shaft drive. To use those equations
developed in 4.2.2.1,the same notations as thoge in Fig. 4_
are used for the equivalent dimensiops‘and angles in Fig. 6
except that the swing-bar height‘is noted as H instead of r.
Also the value of 6 is ng longerﬂgiven by equation,18,1¥:

" Rather, from triéngle OBO3‘in Fiéi 6 b and cosine rulé,

1

[r2+h2—2rhcos(n-wt)]1/2

(r2+h2+2rhcoswt) 172

and from siné/:uie,
r/sin6 = 1/sin(m-wt)

theﬁ, 6 = sin“1[(r/l)sihwt]_ ; o ; - (38)



(a)

Oy

,/ -
i

Flg. 6 An Osc1llat1ng Scre

;ﬁ'wlth the Qu1ck return Dt1ve
‘(a) Initial Positi

(b). Geometrical ke at1onsh1ps

(c) Veloc1ty Polygbn for The Drive

1
o

Trrrr

42



43

4.2.4.2.Velocity Analysis

The output velocity of the drive must be determined
first in order to obtain the screen velocity. At aﬁy time t,
the linkage.positions aﬁd the velocity polyéon for the drive
are shown Ry Fig. 6 b and ¢ ;espective1§. In the velocity
polygon, Vp and V. a{e the velocities of point B and péint
B' respectively, and V. 1s the velocity of point B relative
to point B'. . |

Sincevvb = wr ~
then from the velocig} polygon,
‘ Vpr = vbcos(uf—e) = wrcos(wt-6) ‘ (39)

v, = vbsin(wtje) =.wrsin(wt—6) (40)

Therefore, the velocity of point D, i.e. the output

, »
velocity of the drive,
Vd-: (H/l)Vb!
= (H/l)wrcos(wt-6) ’ (41)

'with'the velocity of point.D (vgq) given by equation 41,
the velocities of the scree%}can be-determined Qith thé
equations developed previously (4.2,2.2) becéuse of the
'structufal,similarity between the oscillatiggfscreén with
the quick-return drive and the ddemwith thé/bent—shaft
drive.-ihé velocity of the screen (vg) is given by equation
23 and the velocity of poin®\§$§ rela£§Ve,to'point D
(vg) is given by equation 22) Equations 24 and 25 givelthe
velocity cdmpﬁnents parailel and_pérpendicﬁlanépo the screen. ’

- ,

surface respectively.
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4.2.4.3 Acceleration Analysis
In the acceleration analysis, the acceleration of point
B' and conseguently that of point D must be determined first
Sy using the method of relative accelration which gives
Ab = Abv+Ar
or  App*tApt = Ab'n+Ab't+,Arn+'Art+Arc (42)
where Ap 1s the acceleration of point B,

Ap+ 1s the acceleration of point B',

A, 1s the acceleration of point B relative to
point B',
A is the Coriolis acceleration of point B

relative to point B',

~and the second subscripts t and n-still denote the

acceleratiop cémponenﬁf/tangential and the nor&al to the

directions of the cgflgapdnding velocities respectively.
By examinihg the motion and the geometry of the drive

from Fig. 6 b, we get

2

Apy = ~wPreil(n/2)+ot]

Apy = 0 (Constant crank angular velocity)

Apb'n ;[(vb')z/l]e§[(w/2)+9],
Apre = abwtei(ﬂ+9)
Arp =0 KLinear relative motion)
Art = —artei[(ﬂ/2)+9] .

- ' i6 \
Apc = 2vp(vpi/l)e

Substitutihg‘the expréssions above into eguation 42 and

‘equating the real and imagihéry parts respectively yield;-
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wlrsin(wt) = [(vb.)z/l]sine—ag;(eéze

+artsin9;2vr(vb./l)égse (43)
~wlrcos(wt) = —[(vb.)z/l]cose—AbgtsinO
—artc059+2vr(vb./l)sin6 | (44)
Putting | )
a; = cost

a, = sin@

b] = —Sin9
<
b, = cosé
cy = [(vb.)2/1Jsin9+2vr(vb;)l)cosH—wzrsin(ut)

LI}

Co —[(vb|)2/1]C059f2vr(vb-/l)sin6+w2rcos(wt)
and solving equations 43‘and 44 simultaneoﬁsly give;

apry = (cybp-coby)/(aby-asby) (45)

arp = (c2a1—c1a2)/(a1bé-a2a1)> \7?6)

. Owing to the proportionality of acceleration, the

tangential acceleration of point D 1s given By

R age =‘(H/l)ab.t ) A (47)
The normal acceleration of point D can be determined with
the veloéity of ‘point D (vg), which is given by equation 41,
and the hanger ieng}h (R). The accelerations of the screen
can be determined with the equations developed in 4.2.2.3
again because of the simifaritylbetweenkthe oscillaﬁing
screen with the.bent-shaft drive and .the one with the
quiék—return drive. The tangential'acceleration.qf.£he
séféen can be found by using equation,13 andithé-normal
accéleration can be'déterminedbwiih the velocity of the

screen and the hanger length. The acceleration components .
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parallel and perpendicular to the screen surface are given

by equations 16 and 17.

4.3 Motion of the Particle
The mgvement of‘the screen causes the particles to ﬁove
which are in contacf with it. According to the éssumptions
made in 4.1, the particle may not roll on thé screen, but- as
Schertz and Hazeni(1963) noticed, it may hop, ride, slide,
or ride and slide on the screen surface.
The mode of particle motion 1s important to the
ii:reening effectiveness. There is no opportgnity for the
- particle to pass through a perforation if it loses contact
with thé screen such as in the hopping mode, and when the
particle is riding on the screen, it cénnot find a
perfofation to paégythrougp. For effective screening ,
hopping and riding are, therefore, not the desirable modes
of particle‘motion,=Garvie‘(1966) stated that, to obtain
jmaximum effectiveness of separation, continuous sliding up
and down of the/particlés"on the screen is the most - |
"ﬁavorable type of motion; consequently;—ip this étudy, theg\;
'AQalues for tﬁe variables will be detef;gjié in such a way
that they keeb-the particle in‘a contiﬁuous sliding motion
" only. o
When a particle withfa'mass of m is sliding on an -
'oséillating'ségéeh'ﬁith a'sIGPé:angle.of a, its freé—goay

~diagram is shown in Fig. 7. The acceleration compohent of
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Fig. 7 The Free-body Diagram of a Particle Situating
on an Inclined Osc1llat1ng Surface

the particle parallél to the screen surface, ;;p' 1s assumed
to be positive when its direction is down the screen slope,
and the component perpendicular to the screen surfa;e, Apv,
is positive when its direction is upward; then, the positive
directions of the inertia forces associated with the two
acceleration components, magn and map§ respectively, are as
shown in the diagram.'The frictional force F acted on the
particle is also drawn in the assumed positive direction. N
ié the normal contact forcerand mg“is the force of gravity
or weight of the particle. |

Consideration of the,equilibrinm"of the particle'gives

ma_ .

PP F+mgsina ' A ‘ o L (43)

1

. ma N-mgCOSa o , o (49)

PV
. Slnce contlnuous slldxng also means constant contact of
the particle with the screen surface, then in the dlrectlon

perpendlcular to the>sc;een surface,~the acceleratlon of'thev
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particle is the same as that of the screen; that is,
aév = Qgy
Then from equation 49,
N = mapv+mgc05a = mag,*mgcosa

Though continuous sliding is assumed, at the instant
when the particle changes its direction of motion with
respect to the screen, the relative particle to screen
velocity is zero. If sliding is renewed instantaneously,
however, it 1s not necessary to consider static friction
since friction does not return immediately to its static
value when the sliding object returns to rest (Sampson et

al. 1943, Feller and Foux 1975); therefore, the kinetic

friction coefficient, up, is considered to be in effect all

e

the time. Then, T
%3
F = uyN = p (mag,+mgcosa) (50)
With the assumed positive direction shown in the
diagram, F has the same sign as (vs—vp) where vg is the
velocity of the gcreen and vp is the velocity of the

particle. Then the sign of F can be determined by

sigd(vé—vp)*
Substiﬁution of equation 50 fhto.48 with the sign of F

included éives'
magy = sign(vsfvp)uk(masv+mgcoéa)+mgsina

,then( sign(vs—vp)uk(asvfgc05a)+gs%na:‘ 1“ - r(51>

«

¥ The sign function is defined as follows: ' .

+sign(x)=1 when x20, and sign(x)=-1 when x<0.

]

Ty
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Equation 51 is the mathematical model of particle motion
as the particle is conf;ned tf continuous sliding. It gives
the acceleration of the particle and the integration of it
yields‘tpe velocity. It cgn be noticed that ghe mass of the
particle does not aﬁpear in equation 51 indicating that the

motion of the particle ;is not affected by the mass.

4.4 Limit Velocities, Penetrating Ratib, Average
Relative Velocity and Efficiency Index

When an undersized particle crosses a perforation it can
fall; however, to fall through the perforation it is
necessar§ for the parti;le to have a sufficiently low
velocity with respect to the screen so that its mass center
can fall below the screen surface b§fore it meets the edge
of the 5creen.p¢rforation, otherwise it.will rebound up onto
the screen surface again. In otﬂer words, there is a limit
to the relative velocity at -or below which the particle has
enough time té fall through the.pef?qration. Garvie (1966)
‘lisfgdkéq equation tB de;grmine the limﬁt velocity (see
section 2.5.3) but it was for a partiéle only moving down a
sIbping screeh. Furthermore, it»is not clear how the
equation was derived;'consequently, equatiohs fof
détermining the limit velocity wereidéveiopéd'as=foilows for
the partitle moving both up and down a'sloping‘séreen.

Fig. 8‘shows tﬂe'moment'when the4mass center of a

prolate particle is at the edge of a screen perforation with
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,f{;

a down-slope relative velocity v The length of the

-
particle 1s 2b and the height is 2a; the screen has a slope

angle of a« and a perforation length of L. To pass through

the perforation, the particle should fall into the -
{ . \

F il

7 .

¢

Fig. 8 A Particle Accessing a Perforation with
a Down-slope Relative Velocity

pérforatidn (in the -y directiqn) to at léast one half of
its height, a, when or{beforg it travels a distance of (L-b)
with respect to the screen in the x direction.~i;e.,
vrt+(1/ébtzgsinals L-b _ ‘(52)
(1>Z)£2gcosa = a . - (53)
wher%,ﬁg is thé'accéleration due to gravity; )
| -t is the Fime.
vFrom_eqﬁation~53,.
t = [2a/(gcosa)1V/2 . (54)
Substituté equation S4’ihto_¢QUatiqn 52 and ;ewrite;

ve. S [25/(gco§¢)]1/2{[(L—b)/(2a)]gc05a-(1[2)gsina}
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Then the limit velocity for the particle moving down the

screen slope is
. Vig = [2a/(9605a)]1/2{[(L—b)/(2a)]gc05a—(1/2)gsina} (55)

Garwvie's equation (section 2.6.3) differs from equation
55, but the reasons for this difference are not.known as his
derivation fg‘not presented. The two equations were compared
by assigning some arbitrary values to the dimensions and the
angle of screen slope. The.results from the two equations
were considerably different, and \the difference increased
with the screen slope angle and the particle dimensions. For
horizontal screens, however, the two équations were
identical.

Fig. 9 shows the particle accessigg the pgrforation with
an up-slope relative velocity. By following the same
procedures as those for the downfslope limit velocity, the

limit velocity for the up-slope moving particle, Viys €an

Fig. 9 A Particle Accessing a Perforaﬁioh with
an Up-slope Relative Velocity

L 4
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also be easily found as
Viy = [2a/(gc05a)]]/2{[(L—b)/(2a)]gc05a+(1/2)gsina} (56)
Combining equatibns 55 and 56 together gives the general

By

formula for the limit Vvelocity, Vi,

vy = [2a/(gCOSa)]1/2{[(L-b)/(2a)]gc05at(1/2)gSina}F (57)
where, the plus siga 1s for the particle moving up the
slope, and the minus sign is for the particle moving dewn .
the slope. As can be noted, the limit velocity is determined
by the particle dimensions, the screen perforgt{g&ilength,
the screen slope angle and éhe direction of particle motion
relative to the screen; therefore, foér a specific particle
and a specific screen, the limif velocity is ‘one of the two
constaﬁt values depending on the direction of particle
motion relative to the screen. '

The bartdcle velocity relative to the screen changes
continuously;“}n one crank cycle or one‘period of
'oscillationf$£ﬁe relative velocity can be sqﬁetimes.lower
than the limit vélocity and other times higher than the
limit velocity. The particle can fall through a séreen
‘perforationlbnly when'the relative'Qeiocity‘is lower than
the limit"velocity‘(Harrisbn and Blecha 1983). In order to
specify the oppértuﬁity.of penetration, the fraction ofuthe‘
time when the relativé velocity is lower than the limit
velocity over one period of oscillaﬁibn is défined as the
penetrating ratio (e). |
| Fig. 10 illustrates fhe screen and the particle .

velocities with the relative Velocity being the difference
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Veloclity v

// Time ¢
Screen

Particle

Fig. 10 Definition of the Penetrating Ratio
between the two. The up—siope limit veIocity (vlu)'and the’
down-slope 11mit'velocity (vi1q) are added to or subtracted
from the pafticle velocity depending on the direction of the
relative motion. The hatched areas show when and by how much
‘the relative velocity is greater than the corresponding
limit velocity, and t;, t, and t3 are the times when the
partlcle veloc1ty relative to the screen is lower than the
11m1t velocities for one perlod of osc1llat10n, T. Accordlng
to the definition, the penetratlng rat1o is theh given by
‘ e = (t1+t2+t3)/T IR © 1 (58)
: %Vﬂ
It can be seen that the maximum value for the penetratlng
ratio is one. o " . ' IR
"When a particle encounters é"screen perforation, the

chance that the relative velocity is lower than the limit

Velocity, and that the particle can pasé through the
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perforation, 1s given by the penetrating ratio. The greater
the'penetrating ratio, the better the chance that the
particle can penetrate the screen perforation. For example,
if the penetrating ratio is 0.6, then for 60% of the time
the relative velécity 1s lower than the limif velocity and
there 1s a 60% chance that the particle can pass through a
screen perforation when it encounters one perforation and is
aligned with 1t. For a specific screen, the penetrating
ratio also indicates. the number of the perforations a
particle fails to fall through before it penetfates the
screen.

The average of the absolute value of the particle
Vvelocity relative to the screen is termed as the avérage
relative velocity évar7; that is,

Var = Jlvpvglat/iar (59)
where, Vo 1s the particle velocity,

Vg 1S the screen veloci{y, and

t is the time.
The average relative velocity indicates the relative motion
betwéen the particle and the'scéeéh without regarh\to'the
‘direction. of the motion. For a gpeciﬁic screen,vthe average
relative velocity indicates the averagé number- of
perforatibns ﬁhe particle can encounter in a giveh'time
périod, } | '

The tip thét a particle requires before it fallé

through a scréeh,perfofatioh is a functién of two major

factors; ore is the number of perforations it can encounter
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1n a given time period, the other is the number of the
perforations it fails to penetrate. As noted above, the
firét factor is indicated by éhe average relative velocity,
whereas the second factor is indicated by the penetrating
ratio; therefore, the product of the average relative
velocity and the penetrating ratio can'imply the screéniﬁg
effectiveness or Efficiency Index (EI); that is, |

El = evy, (60)

The higher the efficiency index is, the soqner a particle

can penetrate a screen,

N 1

The average relative velocity and the penetrating ratio
are not mutually‘exclusive. When one increases the other one
hay decrease, and a high average relative velocity or a high
penetratinghratio may not neces&prily proeduce a’high
efficiéncy index. o - .

The average relative velocify, the peqetratigg\:gtiq and
the efficiendy index are the dependent variables of éhe'-~f”'*
’ §£udy.‘Their responses to‘thé.independeht variables and‘

drives noted in Chapter 3 are examined with the aid of a

computatioﬁéi'simulation model.

4.5 Cémputational Model

The equétith’develo@éd bré?iouslylféf thé §c;een andj
’partiéle-motioﬁs were putltdgethef”to form thé:cdmputatioﬁal
simulatioh.model. The'progrém was written in BASIC_(See_

.'Appendix[A;) and run.on an fBM'personai‘i?mputer;-



The model was developed to cope with the oscillating
screeﬁ actuated by any of the four drives noted previously.
All the vari;bles listed in Chapter 3 were taken as the
parameters @f the model and the required values for them

were entered. from the'keyboard after a particular drive was

chosgn. ’ - ) N
The program was written on a time increment base. The
time increment was 1/40 of the period of screen oscillation.
For évery time incremgnt, the.brogram can use, according to
the choice of the_driviné mechaniém, an appropr; te set of
equations to predict the 'st’\of screen motion; i.e. to
calculate the accelérafions éaé the velocitieé of the.
screen., The acceleration of -the particle 1s then tomputed'by
using equation 51, and the velqcity'6f the particle igs
determined from the acceleration by using the Runge~Kutta's
Fourth Ogder Numerica; Inteération Rule (Speckhart aﬁd Green
1976). -
The-program checks the mode of particle, motién regularly
to guarantee that the partlcle is in cont1nuous slldlng o
f%ﬁotlon only If the relatlve particle to screen veloc1ty ;é
JOwer than 0.1 mm/s consecut1vely ‘or two time increments,
the partlcle is considered r1d1ng on the screen and the
program’ executlon stops. When phgwdownward vgrtlcaii-
.acceleratlon of the screen-is greater than 9,61 h/sQ in
magnltude'and ‘the partlcle,léses contact with the screen,
Y] .

the program execution also stops.

‘The particle initiallgvhad no velocity or acceleration.
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It was released onto the screen at the mid-stroke of
oscillation. The velocity increases or decreases gith the
movement of the screen, but eventually the average particle
velocity reaches a steady value and the motion of the
particle enters a steady-pattern state. The program 235 a
subroutine to monitor the motion of the pérticle. Tgi
subroutine calculates the average particle velociﬁy for
every cycle and compare the average velocities for every two
consecutive cycles. If the difference of the average
particle velocity betw;Zn two consecutive cycles is less

2

than 5 mm/s, thé §teady~péttern state of particlé motion is
considered reached. The program then stazts the computation
of the avérage relative velocity, the penetrating ratio and
eventually the gfficiency index.

The average relative velocity andbthe penetrating ratio
f9r each .cvcle are first determined and stored in two
séparate arrays. The penetrating ratio 1is determined byv\
finding the time?whenthe relative velocity is iowerhthén
the limit velocity in one cvcle. At‘thé éend of the program
'execution,~the overall averages of the average felatiQe
velocity and of the pehetrétingvratio, and consequently the

efficiency index are computed and printed out as the output

results. . o ‘ -
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5. PROGRAM EXECUTION

5.1 Constants and Variables of the Model >

The particie moving on the screen was assumed to be 6 mm
long, 2.8 mm wide and 2.6 mm high. The dimensions are the
mean values for wheat grains‘aé measured by E«iéon and
Broganh &2972). The orientation of the particle with respect
to the direction of oscillation is a function of the natural
rocking freqguency (Hann and Gentry 1972). The natural
rocking frequencies of grains such as wheat, barley and oats
are all above 15 Hz (Harriéon and Blecha 1983) which is
higher than the freguency levels used for scteen oscillation
in this study; therefore, the particles would take an
orientgtion with their long axes (or length) perpendicular
to the plane of oscillation. The neéesséry dimensions of the
particle, i.e. a and b in Fig. 8 and 9, were conseguently
1.8 mm (2.6/2) and 1.9 mm (2.8/2) respectively. The
perforation length (L in Fig. 8 and 9) was assigned the
value of 4.5‘mm; |

. The perforation length and the particle dimensions
affect the limit velocities (eQuation 57), ana‘consequen£ly

. >

the penetrating ratio. Though such changes increase or
deCrease the ‘penetrating ratio, fhe,respohse pattern. of - the
penetrating ratid is unchanged. The range of tﬁé péhetrating

_ratio is from zero to one; theréfore, the‘penetrating

-

58”
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ratio will be one or zero if the chosen perforation
length is too large or too small. The perforation length
of 4.5 mm was chosén because a penetrating ratio of one
was obtained for the lowest levels of the frequency and
the amplitude, and yet was greater than zero fof the
.-highes; levels.

For continuous sliding, the friction between thé
particle and the screen is always kinetic as noted earlier.
Accofding to Garvie (1966),. the kinetic friction angle
between grains and séreeﬁs is about 17°%; thus, a kinetic
friction coefficient of 0.3] was used. Thebfriction
coefficient affects the particle acceleration (equation
51), and consequently affects the absolute values of the
dependent variablqs; however, the rela?ionships@between the
dependent variables and the independeﬁf variables as well

as the drive type are unchanged.

As can be npted from Chapter 3, there are seven to
eight indepe:;:iz\:ériables associq&ed wfth screen o
oscillation depending on the drive used. Different value
cémbinations of these variables give different motiows of
the screen and hence different motions of the ﬁarticle;g\\w"
nevertheleég,"it was expected ﬁhat sbmé éf the variables

R | .

would have a limited effect on the motion of the particle.
In order- to simpliay the study, the indépéndent,variablesk
for -each driye were Ciassified depending on whetheruthe

variable waé,expected to have axsignifiCant_éffeCt on the

particle ‘motion or not. The variables expected to have a
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significant effect (the major group) are
(a) the freqguency of oscillation (f),
(b) the amplitude of oscillation (&),
(c) the mean hanger angle (¢, ) and
(d) the screen slope angle («a).
The variables expected to have a &inimal effect (the minor
group) are
(a) the hanger length (R),
(b) the pitman (or connecting r®) length (L),
and for the crank-pitman drive;
{c) the initial pitman lepe'angle (o),
and for the bent-shaft drive;
(d) the bent angle (B), ' i .
andgfor the sp%}ial crank drive;

)${§)!the pitman length of the drive (1), )
| (f) the input shaft anglei(B).
and for the quick-return drive;

(gﬁ thercgnter'distance (h), andA : ' .

(h) the swing-bar‘height/centef distance ratio (e).

512 Program Execution '  \,::> ‘ o ’

The grogram. was run with the independent variables as
itsuparameters or factors for each’ofrthe four'dtivés noted
previously;“The valﬁes br-levelsyfqr the indepené§nt » 7
. Variaﬁles @éré selected oﬁ the basis of ﬁhé specificatibns

of some commercial oscillating screens as given by Harrison

i/
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and Blecha (1983); and thén, trial runs were made to ensure
that, fpr all the combinations, the particle neithef rode

.nor hopped. Aftér the trial runs, the program was e;ecuted
with different values for the variables in the minor group
(see table 1). To select tle values for the other variables

which were held constant, some trial runs were made to find

Table 1. Variables and Levels for the Minor Group _

Variables _ A Levels
Pitman length L (mm) , ’ 150 300
Hanger length R (mm) . 150 250
Initial pitman angle 6, (deg.) ' 0 15
Bent angle B (deg.) 25 35
Drive pitman length 1 (mm) 150 250
Input shaft angle B (deg.) 25 /85
_Center distance h (mm) 25 40
Bar/center ratio e : . 1.3 1.6

1

what values gave a high efficiency index. The following
were found and subsequently used;

frequency (f) = 9 Hz,

amplitude (&) = 14 mm,
mean hanger angle (¢ ) = 0°, and
screen slope (a) = 10°.

‘ An examinaﬁion of the resu1t§ aftér the trial runs
showed that with two exceptfoés, tﬁe vériables in the_minof‘
group were, as aésumed, insignificant;'thérefore, fornfhe
remainder of the simulation Fﬁevae;e noé,changed. The bent.
angle for phe“beﬁt-shaft driVé.and thé center distance for
- the qdick~refurn‘driVe Were.thé twoiexﬁeptioné; and‘theyi

appeared to have a small but systematic influence on the
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dependent variables. These two variables were included as
the parameters with two levels for each for the following
execution of the program so that their significance to
particle motion could be further evaluated. The.values
assigned to the variables in the min&r group are as
follows;

2

150 mm

hanger length (R)
pitman léngﬁh (L) = 300 mm
and fof the cfank-pitman drive;
'initiai pitman slope angle &, = 0°
and for the égnt-shaft drive;
bent adéié B = 25° and 35°
and for tﬁe spatial‘cfank drive;
drive pitman length 1 = 150 mm
input shaft angle 8 = 25°
and. for the quick—returh drive;
center distance h = 25 mm and 40 mm
swiﬁg baf/center d}stancé ratio e = 1.6
The program was executed again for the variables in the

major group. The levels used can be seen in Table 2.

Table-2;' Varibles and Levels for the MajéngrOUp

Variables ‘ Levels
Frequency of oscillation £ (Hz) 5 7 9
Amplitude of oscillation A (mm) 6 10 14
Hanger angle ¢ (°) 0 15 -
Screen slope angle « (°) 5 10 .

In addition, the-program was. run with.each~of\the two



levels of the bent angle {B) for the bent-shaft drive and
the two levels of the center distance (h} for the

guick-return drive.

63



6. RESULTS AND DISCUSSION

6.1 Steady-pattern State of Particle Motion

The particle is inipially released onto the screen with
a zero velocity. Then, as noted earlier, the pattern of
particle motion changes for the first few cycles of
oscillation, but eventually reaches a steady state. The
sequential number of the cycle during which the
steady-pattern®state of quticle motion is reaéyed‘is called
the steady cycle number. The number varies with the
frequency and the amplitude but is insensitive to all the
other variables. For a typical ekgmple, Tablé 3 presents the
steady cycle numbers for the crank-pitman drive.

Table 3. The Steady Cycle Number
"fer Crank-pitman Drive

Freguency Amplitude (mm)
_(Hz) 6 10 : 14
5 2 3 3.
7 3 s Y5
9 =~y 5 6

" As can be seen from Table 3, the steady cycle number
increases qith the-erQUéncy aﬁd“the amplitude. The rate in
which it increases with the freqﬁenéy_is suqh thét‘tﬁe‘time
~needed to reaép‘the Stéady-pattefn state is basically
unchanged. For éxample, the steady cycle number inCreaéééyl

from 2 to 4 fdr'tbe amplitude of 6 mm when the frequency

64
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changes from 5 Hz to 9 Hz. The time needed to reach the
steady—péttern stafe varies from 2/5 to 4/9 seconds, that
is,,sliéhtly less than one half second. On the other hand,
the increase of the steady cycle number with the amplitude
‘means that the larger the amplitude is, the longer time is

required for the particle to reach the steady-pattern state

of motion.’

6.2 Effects of the Independent Variables
& | N \
’6.2.1 Variabl‘es in the Minor Group ' |
The average relative velocity (var); the penetrating
rétip»(e) and the efficiency index (EI) for all the
cqwbinations of the variaBles in the minor group are given
ia Tables 4 td 7. | )
For the frank—pitman dfive, thé pitman and the hanger!
Mengths, and the initdal'pitman slope angle (L, R and 6,)
cause less than 1% change in the average relative Qelocity,
no change at all'in the benétrating ratio -and a maximum
change of Ofé%.in the efficiency indek (see Table 4).
For thé‘beht—shaft érive, the average relative vélqcity-
has a maximum change of 1.5%. The énetréting ratio has
‘about ‘6% increase but osly at tbé‘gﬁaller bent‘anglev(25°)

and the larger hanger length (250 mm) igdici;;pg\sa?t %Fere

is some interaction between'the bent andlle &nd the hanger

»

lenq‘ﬁﬁ The changes in thevefficiency indéx are less than’

4 .
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Table 4. Average Relative Velocity, Penetrating
‘ Ratio and Efficiency Index for the
Crank-pitman Drive :

Pitman Hanger Initial Pitman Slope Angle
Length Length . : A (deg.) -
(mm) (mm) 0 15
Ave. Rel. Velocity (mm/s)
150 : 150 345 344
250 343 : 344
300 150 346 346
250 346 ‘ 344
Penetrating Ratio
150 150 0.33 0.33
250 0.33 0.33
300 ° 150 0.33 0.33
: 250 0.33 0.33

Efficiency Index (mm/s)

150 150 112 112
\ 250 R 112
) 113 3

300 150

1
250 112 Kz

\ 3
¢

Table 5. Average Relative Velocity, Penetrating
, Ratio and Efficiency Index for the
Bent-shaft Drive

Y

Pitman © Hanger , Bent Angle
Length. Length . (deg.) ,
~ (mm) (mm) 25 35
Ave. Rel. Velocity (mm/s)
150 . 150 368 378 )
.. 250 - 363 . 372
300 7150 369 "7 376
250 B 363 ' 372 .
o ' Penetrating Ratio
150 150 T 0.28 | 0.28
250 0.30 ) 0.28
300 ' 150 ‘ 0.28 0.28
250 . ©0.30 0.28
- ‘ Efficiency Index (mm/s)
150 150 : 101 - <108
| 250 109 102
3000 - - 150 Co101. 103
' 250 - 109 102
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8% (see 'Tablve 5).

For the spatial crank drive, there is no change at all
in the penetrating ratio and the‘changes in both the
average rélative velocity and the efficiency index are less
than 1% (see Table 6).

For the quick-return drive, the ma*imum variliation 1in
the average relative velocity is 6% which is mainly caused
by the change of the cehtér distqnce h. The penetrating
ratio responds also to the center distance only with a
reduction of 10% when the center distance changes .from 25

‘ ;

mm togf%gmn however, the change in the efficiency index is

less than 6% (see Table 7). i \ | '

Though there seems to beléome interaction 'between the

A .
hanger length and the bent angle and some variations occur:

in the d%pendenf'variables for the bent-shaft drive, the

hanger length produces only very small changes (< ¥
dependent ;ariableé for the other three d;iveg; theféfore,
its éffect;is generally considered uni@portant.‘Ambng the
wariables jn tzﬁg@inpr group,‘?nlxtthe bent angle for the

bent-shaft drive and the center distance for the

quick-return drive have some small but systematic influence-

on the dépenaent variables. Tpvfurthe; eQaluate their
effects, the bent ang}e and the center-aistance, as
mentioned earlier, wéré included in‘the parémeters with two
levels for each when the pfog;am waé run for the majér
group variables. The‘resulfé éhow;that increaseS iﬁ either

the bent angle or the center distance generally bring about

i

LN



Table 6. Average Relative Velocity, Penetrating
Ratio and Efficiency Index for the
Spatial Crank Drive

Drive Pitman Length (mm)

Pitman Hanger ‘ 150 250
Length Length Input Shaft Angle (deg.)
(mm) (mm) 25 35 25 35
x Ave. Rel. Velocity (mm/s)
150 150 352 350 351 352
, 250 350 352 349 350
300 150 352 350 ' 351 352
250 350 352 349 350
‘ Penetrating Ratio
150 150 , 0.33 G.33 0.33 0.33
250 0.33 0.33 0.33 0.33
300 150 - 0.33 0.33 0.33 0.33
250 “0.33 0.33 0.33 0.33
Efficiency Index {(mm/s)
150 150 114 114 114
250 114 114 113
300 - 150 114 114 114
250 114 - 114 113

Table 7. Average Relative Velocity, Penetrating
Ratio and Efficiency Index for. the
Quick-return Drive

-

Bar/CenteN Ratio

- Pitman Hanger 1.3 , 1.6
“Length Length __Center Distance  {(mm)
- (mm) (mm) 25 40 t 25 40
T , ~___Ave. Rel. velocity (mm/s)
150 ©248 263 - 253 .. 267
250, 250 266 256 270
150 - 248 263 253 . 267
« 250 250 266 o287 . 270
- : ‘ Penetrating Ratio -
150 0.48 ~ 0.43 . . 0,48  0.43
. 250 - . 0.48 0.43 0.48 0.43
- 300 . 150 - 0.48 0.43 0.48 0.43
- 2504 0.48 10,43 ©0.48 0.43
E , N _Efficiency Index (mm/s) -
150 . 150. g 112 120 114
. 250 119 113 122 115
300 150 118 112 120 114

250 119 . 113 122 115
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slight increases in the average relative velocity but

slight decreases in the penetrating ratio. As can be seen

in Table 8 and Table 9 (the complete data are tabulated in

Table B2, B3, BS and B6 in Appendix B), thi efficienéy

index,

however, does not exhibit systematic and substantial

response to either the bent angle or the center distance;

end

therefore, the effects of the bent angle .and thegcenter

Table 8. Efficiency Index for the Bent-shaft Drive (mm/s)

Mean Amplitude (mm)
Hanger Bent 6 . 0 14
Freqg. Angle Angle Screen Slopﬁ?ﬁngle (deg.)
(Hz) (deg.) (deg.) 5 10 10 5 » 10.
5 0 25 3259 74 77
35 15 41 54 61 73 75
15 25 10 36 47 59 70 75
35 16 &2 55 63 - 75 75
7. 0 25 53 57 B0y 80 - 76 95
: 35 55 58 80&1 74 76 85
15 .25 49 56 16 Y' 106 91
. 3% 55 58 80 76 83 90
9 0 25 68 68 73 “% . 75 101
35 72 71 73 % . 75 103
15 25 69 67 97 85 86 103
35§u 70 67 86 82 . 76 99

-

Table 9. Efficiency Index,fbf%the'Quick-return‘Drive (mm/s) i

Mean: { T Ampl1tude (mm)
Hanger Center - 6 10 TR
Freq. Angle - Dist. .7 Screen §lope Angle (deg ) ,
(Hz) (degqg.) (mm) .5 = 10 5 10 10
5 [ 25 .9 22 41 43 67,‘ 65
s ‘ : ‘8 23 43 . 44 . 66 63 o~
15 25 7 15 350 36 63 . 56 - \
S 40 6 16 35 - 39. . 63 56
7 0. 25 48 45 76 - 72 106 .97
... 40 51 46 77 73 "85 95
15 25 - 44 - 42 74 - 65 76 ‘87
T a0 - 42 43 76 63 64 - 88
- 9. 0 25 65 60 98  87. 85 120
S 40 - 66 61 . 9t 90 81 114
15 .25 . 65 56 69 . 81 66" 111

40 66 57 67 83 61 104
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- .
_ distagncc on particle mot{on are considered trivial.

»

« Generally, the independent variables in the minor group
cause little or no change in .the dependent variables; /
therefore, compared with the other independent 'variables

whose effects will be discussed later in this Chapter, all

i .

the variables in the minor group are upimportant to

‘particle motion,

6.2.2 Varxaoles in the Major Group s

For the 50ur drlves, the significance and the effects

*

of the independent varidbles in the major dgroup ‘are’
f oo -
examined frOm/three dimensional plots (Fig. 11 to Fig. 22).

whlch are fr&m the data tabulated Ln Tab;e B1 through Table

B6 in Appendlx B. For the_bent_shaﬁt drive, only the data
) ) ) .,’6 3o «
for»the bert angle of 25°, and fqr the qu1ck return drive,

only the data for thzrcenter dlstance of 25 mm&were plotted
1

as there wastlittle fference for the other magnltudes of
‘g' I R : “ .': :«" o '

[

the varlaoles. > ) o R
(1) Fnequency and Amplltude RS R

The f*eQUency and the amplztude have the most obv1ous
‘~_effect§ on the‘partlcle motAOn-amongvalJothe 1ndependent : '

'varlables. Moreover, as can’ be noted from the - follow1ng L

4,.‘,.~ J

‘.dlscuss1on, these tWC varaabLes cause'klmllar changes 1n

sy

u’the depen&ent varlables and also have very much the. same

o S f?. ,f~ Ty

1nteract10neeffect on ‘each other,” "t

; e S

. The averagefrelat}ve\Veloc1ty 1noreases linearly with a -
" linear. increase in either the Irequency or the 'amplitude:

e,

s

—
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for all the tour drives.(Fig. 11, 14, 17 and 20). .
Interactions between the frequency éha thé amplituae'can be
seen from the slope change of the response SUfaces of the ‘
' three dimensional plots The .rate at which the average
relative velocityrchanges with ong/of them increases as the
‘ﬁvn¢her‘one increases; in other words, the avgrage relatiwe |
. velocity increases with the frequency at an increased rate
if the amplitude takes a larger value, -or vice versa.-
With a few exceptional points( the’penetrating ratio
decreases curvilinearly at a decreasing ré&te when either

the frequency or the amplitude increases The relat1onsh1p

‘.%‘VK -
. .is indicated by the concéﬁe response surfaces of the plots "
. " . ‘
~in Fig. 127 15, 18 and 21, Interact1on exists between the .
. A
frequency and the amplltude. The rate at whlch the .

penetratlng ratlo changes wlth one varaable decreases if
the other one takes ‘an 1ncrecsed value. For example in F1g

12 (rlght bottom) ‘when the amplztude is ﬂO -mm theo

2.2

’ penetratlng ratlo decreases less qu1ckly w1th the fre

i,

ﬁ;;than it does when the ampl1tude is. 6~mm. An 1nteract10

'u..' . 2

also exlste between the frequency or the amplltude and the

screen slope. For example ire F1g 18 (top left) when'thev

“

screen slope angle 1s 5 ,the penetrat1ng rarlo somecxmes ‘

decreases at an 1ncreased rate at the hlghest lewels of

frequency and amplltude (f=9 Hz A=14‘mm),>an;]

when ;he
;screen slope angle 1s 10° it does not The. effects-of the,

"~

screen slope w1ll b° dlscussed~‘ater in thls Chapter.'“

The effects of the frequency aT;gthepamplbtude on-the




eff1c1ency 1ndex are. dependent of the the screen slope

,/ LNt A}
-angle as can be seen from Fig. 13, 16, 19 and-22. For the

larger screen slope (a=10°, see Fig. 22), the efficiency-

.

index increases linearly with either the frequency -or the
3 .

. amplitude and the highest efficiency index is at the

A

highest frequency and the largest amplitude used. There is

no obvious interaction between the freguency and the
amplitude. Since the efficiency index, as defined

previously, is the product of the average relative velocity

and the penetrating ratio, this nullification of

’
C ]

interaction is dﬁ% to the fact that the average relat}ve
veloc1ty and the penetratlng ratio have opposite responses
to-either the frequency or the ‘amplitude. For the smaller
screen slope (a=5°), the efficiency index increases
linearly with either the freguency or the amplitude when
the frequency is low or the anplitude 1s small; however, at
high frequenciesﬂand large-amplitudes, interaction between
the frequency and’the‘amplitude appears, and the efficiency
index-sometimes shows a decrease as e{ther'the frequency‘or
the amplitude increases indicating- that, though the
efficiency index increases with the frequency and the
amplitude, there exists"an upper limit beyond’uhich‘the
eff1c1ency index will decrease. Since the average relatlve
.velocxty aluays anreases 11near1y Wlth the frequency and
the, amplltude, thlS decrease of the eff1c1ency 1ndex is due

" -

to the sharp. decrease of the penetrat1ng ratzo at hlgh

‘frequenc1es and large amplltude as moted prev1ously It can

e
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be seen from the discussion above that for a certain kind
of materfai and specific screen slope and aperture size,
there must be one or several(ftequency/amplitude
ccmbinations which give the highest effic§ency index, and
these combinations are denendent of the screen slone and
the mean hanger angle. i |
(2) Screen Slope Angle

‘The effects of the screen slope angle can be evaluated
by comparing the nlots in the left hand column with those
in the right hand column in Fig. 11 to 22. For all the four
,drifes,,the screen.slope angle shows much the same effects
as what are summarized beldw.

The effect of the gravity can be seenpby varying the
screen slope. Increasing the screen slope angle from 5° to
18° increases the average relative velocity, and also the
‘rate of increaSe rises with the frequency and the

,amplitnde. In other words, increasing the screen slope
1ncreases the rate at which the average relatlve veloc1ty
varies with the frequency and the amplltude. The '
relat1onsh1p is typzcally shown by Fig. 11 in whlch‘the
response surfaces of the right hand plots have higher
altitudes and steeper slopes than the left hand plots.'
The screen s‘ope can affect the penetratlng ratlo 1n
two ways. F1rst it changes the partlcle veloc1ty whlch
.subsequently var1es the penetratlng rat1o, second 1t_

R

chanqes the l1m1t veloc1t1es wh1ch also affect the

'penetrat1ng_rat10. Generally, the penetrating_ratio shons‘a
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decrease w1th§ﬁ§01ncrease in the screen slope, especially
when the freqﬁehcy 1s 7 Hz and the. amplltude is 10 mm (see‘
A

\

x‘Fig, 15 for a typlcal exampLe) As noted earlier, 1the
- screen slope 1nteracts w1th the frequency and the amplitude
as well as the meanvhanger-engle. When the screen slope
angle increeses from 5° to l0°, the penetrating ratio
incteises'at tne:freqoency of‘9 Hz, the amplitude of 14 mm
end the zero mean hanget angle for all the four drives (see
Fig. 18). |
\ When the screen slope angle cnanoes from 5° to 10°, the
~efficiency index shows incsease mainly at the lo;est\leéels
"‘of ffequencynand amplitude (Flg. 13, 16, 19 and 22). At low
frequencies and small amplitudes, the papticle velocity
relative to the screen is\lower'than the limit velocities
(tne penetratihg ratio’is one):pthen, increasing the screen
slope 1§creases tﬂE average relatlve veloc1ty,'and
consequently, increases - ‘the eff1c1ency index. When the
penetrating'ratro is less than,one, increasing the. screen
slope does not ihcrease the efflclency 1ndebeecau5e of “the
opp051te responses of the. average relat1ve veloc1ty and the.
penetrat1ng ratio to the screen slope. At the highest
levels of,f}equéncy and amplitude, however, the efficiency
"" index increases with the screen slope except at the mean
w\henget.éngle oﬁp15° for the ofank4pitman_and tne‘spatial
crank drives. " | | ’

As can be noted from the dlscuss1on above, the effect

of the screen slope is not 51mple becauseC}t can affect

ave R . . - e
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both the particle velocity and ehe limit velocities., Also
its effect is dependent on t;e £;e frequency and ﬁhe
amplitude owing{te its interaction with them. | !
(3) Méan'Hangen Angte
- The comparison ef the plots in the top.:ow with those
in the bottom row in Fig. 11 through Fig. 22 shows that%the
sngnificaice'and the effect of the mean-hanger'angle depend
/ion the other variables and the drive type. When the screen
[:1//5Aope angle is 10°, the change of the mean hanger angle
from 0° to 15° does not signifcantiy alter- any of the three
dependent variables for all the four drives. Whenvthe"
screen slope angle/is 5°, the average velocity aeea not
chang7 significantly,with the mean,hanger.angle;/Zhe
penetrating‘ratgo and tﬁs efficiencyvjnfex iﬂcrease enly at .
high”frequencies and large amplitudes-fer the crank;pitman,
‘the bent-shaft and the spatial crank;d}ives:(Fig.~12,~13,
115,‘16,-?8 and 1%),.and decrease for tﬁe.quigkeéeturn dréve
(Fig. 21 and 22). .
Since ehe mean hanger angle alters the pehetrating
ratio only-at high frequencies and la;ge amplipudes'as well
as sﬁall screen slope angles, then its significance is.

conditional. In other words, for a specific particle-screen

system, it ~may- or may not be'significant; and also its”
fég;::ts can d1fﬁer depend1ng on the type of the drlve used »
Generally, the mean hanger angle 1s ‘a less 1mportant '
;varlable when compared with tﬁe ﬁéequency, the'amplltudei

and the screen. slope. SR
‘ S o e
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6.3 .Effects of the Drives ' , h i
" The crapk-pitman drive and the spatial'crank drivé give

almost identical results. Apparently, these two drives
o . . .

impart very similar motion to the Screen and consequently
very similar motion to the particle. Though they give lower
average relative velocities than the bent-shaft drive and

smaller penetrating ratios than the quick-return drive,. -
. /’ ) : . .
they give the highest efficiency indices among the four,

drivés;_the:efore, in terms of the efficiency index,‘théf"

crank-pitman and the spatial crank drives can be ranked -
- I.’ . o : . ; ]  1.- L ., ; .
first. Ofi.course, the other factors such as the complexity

of structure and the cost of manufacture also affect the

feasibility of an oscillating screen drive mechanism.
The quick-return drive imparts to the screen an ‘_“ ;
) v .

asymmetrical motion‘whiqh has a shorter returning time. Tt

could decrease the time when the relative velocity is

higher than the limit velocity and consequently increases.

thé penetrating ratio (Harrison and Blécha 19&3)5.The‘

-

results show that, cdmpéred with the other drivés,tthe
quick-return drive does increase the penetrating ratio
' considerably (Fig. 21). Among the four drives ,used, the

quick-return drive gives. the highest penetrating ratio, but

the lowest average relative velocity; in consequence, the

T S Cs - ! v R
efficiency index:  for it is generally lower than those for
the crank—pitmaﬁ and the spatial érank‘driQes. In‘terms Qf1'

the éfficiency index, the quick-return drive is then next
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to the crank-pitman and the spatial crank‘drlves. For some
{ariable combinations, however, the quick-return drive
gives higher efficiency index than the crank-pitman and

- -

spatiailcrank drives. For example, whegn the frequency is 9

: Hz, the amplitude is 14 mm and the mean hanger'angle.is,
. ! B

zero, théfdﬁfEK;retgrn‘drive gives efficiency ind}ﬁeé‘of 85 .

and 120 mm/s*fespectively'for both of the twovecreen slopes
J , .

' AN\ ‘\.V‘\,’”‘ . " ’ .
-used, whereas the crank-pitman and the‘spatla;lcranw drives

Tl

give 77 and 113 mm/s, 71 and 114 mm/s respecfively.

The bent-shaft drive gives the highest average relative

’

velocity but the lowest penetrating ratio among the four
. Tal . . o

drives.ueed. The efficiencylindez for it turns out to be in,
the last place. Chen (1972) states that the bent-shaft
drive generates a motlon which has a lower maximum
accelerat;on than. that of a 51nu501dal motion if the . bent
angle.ls larger than 5°. In this study, the'bent angles

used are 25° and 35°, and the bent-shaft drive does not
: ) 7
give high effieiency index; therefore, a motion with a low

max imum aceeleration;is not desirable for effective

LN

screening.

2

Compared with the tradltlonal crank p1tman dr1ve, the
& !

bent- shaﬁ¢ dr:ve and the qulck return dr1ve do not

“suff1c1ent1y 1mprove the-eff1c1ency 1ndex° however, the

-

ibent shaft dr1ve ‘gives the‘h1ghe§t§5verage relatlve

N

veloc1ty and the<\u1ck return dr1ve glves tﬁe hlghest

vpenetratlng ratio. The latter verlfles the suggestlon by

fﬂ;rrlson and Blechav(E@BB) that a qu1ck return drlve could"




!

-~

be used to improve the pene

¢ -

trating ratio.
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. 7. SUMMARY AND CONCLUSIONS

. fThere are seven or‘eight variables assétiated with an’
.. # N " . \
oscillating screen depending on the drive-used. According to

»

. ‘the results of simulation, some of the variables cause very -

slight changes or no change at all ip the dependent°
variables, and therefore, are con51dered unlmportant to
particle motlon. Those that €an substantlally change the)
dependent v®Fiables are the 51gn1f1cant factors to partlcle
motion o¢on_an osc1llat1ng screen. They are
Nsiijﬂf;: frequency of osc1llat10n

(2) the amplltude of osc1llat10n and

(3) the scteen sloper "
‘The mean hanger angle causes some changes in the dependent
variables only at -high frequencies and.large;anplituaes as .-
weli as“smail screen slcnea; therefere, its‘significance ish
cpnditional.and its Effect'is'qependent on the other

variablesx
' The‘frequency‘and the amplitude of oscillation have much
; : : . - ' 3 .

 the<same effectS‘on particle motion and very %imilar effect

Bof 1nteractlon on each other. The average relative veloc1ty

L

1ncreases llnearly w1th e1ther ‘the frequency or . the

_amplltude, whereas the penetratlng ratlo decreases

5,@curv111nearly w1th elther.the eff1c1ency index. generally

1ncreases when elther the frequency or the amplltude

‘vQ'

o
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increases; however, there exists an upper boundary beyond
A Ty . _

F3

whiéh the efficiency dgcreases.iEor a specifig'oscillafin%
screen and certain kind of particles, there exist one or
1 ‘ -

several combinations of frequency and amplitude which give
thevbﬁgheéf efffcienqy %ndex; and these combinations are
dependent on the'sc{éen slope and the mean hanger angle.

Increased screen slope gives increased average relative
vg}dcity but decreased penetra&ing ratio. The efficiency
index shows an increaée with the screen slope only at low
‘frequencies and small amplitﬁdes; thgreforé, for a Spécific
qscillating screen and certain kind of part}cles, Qhether
‘ihcreasihg the screen slope is beneficial to the screening
effici;ncy depends*on'the ﬁr§quency and the amplitude used.

The qrahk—pitmén osciila;or.and ghe spatial crank

slider impart very similar motions to the screen and to the.

‘ particle..Among the"drivihg mechanisms analyzed in this
. < ' ¢
étudy, they give the best opportunity‘for particle
_ peqetration,‘thus,;are recommehdéblevfor uée'as driges §f
_osciiiatingFScreens. | ( L B |
Cbmparedfwith-the other drivés, the quick-;eturnbdriva
can substantially ihcrease the penétratihg rétio‘and hence
it‘gives:a Qay.of imbro;iﬁg the penefrating ratio.

A motion with low maximum dcceleration is not desirable”
o R «"7.4 ’. r, - _ l ’ . . ’ ‘
for effectiwg screening.

A
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8. RECOMMENDATIONS

n : .
4 The following recommendations are made for further

. . ;\ - . " )
~ lnvestigations on oscillating screens. They are;

R . .. .
(1) a study on oscillating screens with particles

sliding and rolling,

(2) the effect of .particle to particle interference on

particle penetration,

(3) an experimental validation of the model so that the

model can be used for design purposes.
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APPENDIX B

OUTPUT DATA FOR THE ‘AVERAGE RELATIVE V@LOCITY,

B 1
THE PENETRATING RATIO AND THE EFFICIENCY INDEX

g0,



‘ .
L E

.. Average Relative Velocity, Penetrating
Ratijo and Efficiency Index for “
the’Crank-pitman Drive

Amplitude (mm}

*"™Hanger 6 , 10 - 14
Freqg. Angle \ Screen Slope Angle (deg.
(Hz)  (deg.) % 10 5 10 5 10
o ' ¢¢ ____ Ave. Rel. Velocity (mm/s)
5 0 ( 12 L35 53 91 5111 149'
s 14 33 53 83  , 115 145
7 0 . . 58 .. 81 139 169 210 246
15 55 4 79“ 142 167 217 256
9 0 107 ° 1317 195 . 240 279 346
15 = 108, 128 ' 204 242 295 356
: : - Penetrating ,Ratio oot
-5 ‘ 0 1.0 . 1.0, 087+ 0.61 0.0;63} 0.49 -
.15 1.0 - 1.0 0.82 0.63 0.61 0.49
7.0 0.86 0.64 - 0.58 0.45 , 0.47 0.38
.-~ 15. 0.85 0.65 0.53 0.45° Q.48 0.38
9 0 0.63  0.50 0.50 0.38 0.28 0.33
15. 0.61° 0:.50 0.45 - 0.38 0.43 _0.33
i ‘ ' Efficiency Index(mm/s)
5 - 0 12 . 735 46 55 71 - 713 |
i5 14 33 T 44 . 53 70 71
7. . 0 50 52 . 80 " 76 98 95
15 47 51 75 75 103 96
9 0 67 65 98 90 . 770 113
’ 15 . 66 ~ 64 92 91 126 116

-

S VI ’ - . §
. ,
o
k

&
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Table B2.

Average Relative Velocity,
Ratio and Efficigncy Index for

the Bent-shaft Drive

Bent angle B=25¢

Penetrating

Mean Amplitude (mm)
‘ Hanger )
Freg. Angle Sﬁreen Slopé Angle (deggY
(Hz) (deq.) 5 10 10
' Ave‘lRel. Velocity (mm/ij
5 0 11 35 . 55 96 123 166
15 10 36 \ 58 97 119 162
7 0 65 91 142. 185 210 272
15 60 89 148 187 222 279
9 0 108 142 193 252 278 369
15 112 142 204 262 295 376
. . Penetrating Ratio
5 0 1.0 1.0 0.83 Q.61 0.60 0.46
15 1.0 1.0 0.81 0.61 0.59 0.46
7 0 0.81 0.63 0.57 0.42 0.36 0.35
15 0.80 0.63 0.55 0.41 0.48 0:.33
9 0 0.63 0.48 0.38 0.35 0.27 0.28
15 0.61 _0.47  0.48 0.33 0. 2é 0.28 .
' Efficiency Index (mm/s) ’
5 0 12 35 46 59 74 77
15 10 36 47 59 70 75
7 0 53 57 - 80 80 76 95
15 49 56 81 76 106 M
9 0 68 68 73 88 75" 101
15 69 67 97 85 86 103

=



Penetrating

Table B3. Average Realtive Velocity,
Ratio and Efficiency Index for
the Bent-shaft Drive
Bent' angle B=35°
Mean . Amplitude (mm)
Hanger .
Freqg. Angle Screen Slope Angle (deg.)
(Hz) (deg. ) 5 10 5 10 5 10
Ave. Rel. Velocity (mm/s)
5 0 15 42 69 111 130 184
15 16 ¢ 45 72 107 136 188
7 0 70 104 145 198 211 284
15 71 101 152 203 222 300
9. 0 T 150 195 266 275 376
15 117 157 206 275 292 396
Penetrating Ratio i
.5 0 1.0 0.98 0.78 0.55 0.56 0.41
15 1.0 0.93 0.76 0.59 0.55 0.40
7 0 0.79 0.55 - 0.55 0.38 0.36 0.30
15 0.77 0.58 0.53 0.38 - 0.38 0.30
9 0 0.65 0.48 0.38 0.33 0.27 0.28
15 0.60 0.43 0.42 0.30 0.26 ..0.25
Efficiency Index (mm/s)
5 0 15 41 54 60 73 75
15 16 42 55 63 75 75
7 0 55 58 80 84 76 -85
: 15 55 58 80 76 83 90
9 0 72 71 73 86 75 103
15 70 67 86 82 76 99




Table B4.

Average Relative Velocity, Penetrating

Ratid and Efficiency Index for

the Saptial Crank Drive

~

14

Mean Amplitude {(mm)
Hanger :
Freqg. Angle ‘Screen Slope Angle (deg.)
(Hz) (degq.) 5 10 5 - 10 5 10
Ave. Rel. Velocity (mm/s)
5 0 12 31 55 87 118 148
15 14 30 54 87 117 145
7 0 58 79 139 168 211 259
15 54 79 142 169. 220 256
9 0 106 129 195 242 283 -+ 352
15 106 128 204 243 297 359
Penetrating Ratio
5 0 1.0 1.0 0.84 0.63 0.61 0.49
15 1.0 1.0 0.81 0.62. 0.61 0.50
7 0 0.85 0.64 0.58 0.45 0.50- 0.38
15 0.85 0.65 0.53 0.45° 0.48 0.38
9 0 0.63 0.50 0.50 0.38 0.25 0.33
15 0.61 0.51 0.46 0.38 0.43 0.30
Efficiency Index (mm/s)
5 0 12 31, 46 55 72 73
. 15 14 30 44 54 71 73
7 0 49 51 80 - 76 106 97
15 46 51 74 76 - 99 96
9 - 0 66 64 98 91 71 114
15 65 64 94 91 108

126



L3

Average Relative Velocity, Penetrating

Table BS.
Ratio and Efficiency Index for
The Quick-return Drive
" Center Distance h=25 mm
Mean Amplitude (mm)
Hanger 14
Freg. Angle Screen Slope Angle (deg.)
(Hz) (deg..) 5 10 5 10 5 10
Ave. Rel. Velocity (mm/s)
5 0 9 22 42 57 89 99
15 7 15 35 41 79 78
7 0 48 59 117 125 177 185
15 44 47 105 104 159 152
9 0 93 101 171 184 242 253
15 84 83 154 152 219 212
Penetrating Ratio '
5 0 1.0 7.0 0.98 0.76  0.75 V0.66
15 1.0 1.0 1.0 0.87 0.80 0.71
7 0 1.0 0.75 0.65 0.58 0.60 0.53
15 1.0 0.88 0.70 0.63 0.48 0.58
9 0 0.70 0.60 0.58 0.48 0.35 0.48
: 15 0.78 0.68 0.45 0.53 0.30 0.53
: Efficiency Index(mm/s) N~~~
5 0 9 22 41 43 67 65
_ 15 7 15 35 36 ., 63 56
7 0 48 45 . 76 72 - 106 97
15 44 42 74 65 76 . 87
9 0 K\ 65 60 98 87 85 120
15 65 56 69 81 66 1171
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Table B6. Average Relative Velocity, Penetrating
Ratio and Efficiency Index for
The Quick-return Drive
Center Distance h=40 mm

S

Mean Amplitude (mm)
Hanger 6 10 14
Freg. Angle Screen Slope Angle (deg.)
(Hz)  (deg.) 5 10 5 10 5 10
‘ ‘ "Ave. Rel. Velocity (mm/s)
5 0 8 23 44 59 95 104
15 6 16 35 . 44 80 81
7 0 51 62 122 132 183 194
. 15 4?2 48 108 105 164 159
9 Y 94 104 175 190 249 267
15 86 86 156 . 157 223 219
) Penetrating Ratio
5 0 1.0 1.0 0.99 0.76 0.70 0.61
15 1.0 1.0 1.0 0.87 0.79 0.70
=7 0 1.0 0.74 0.64 0.55 0.47 0.49
15 1.0 0.90 - 0.70 0.60 0.39 0.55
9 0 0.70 , 0.59 0.52 0.48 0.33 0.43
15 0.77 0.66 0.43 0.53 0.28 0.48
’ Efficiency Index: (mm/s)
5 -0 8 23 43 44 66 63 -
15 6 16 35 39 63 56
7 0 51 46 C 77 73 85 95
: 15 ‘ 42 43 76 63 64 88
9 0 © 66 61 g1 390 81 114

15 66 57 67 83 61 104



