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CHAPTER I 

INTRODUCTION 

Background 

Sizing of particles is basic to many processing and manufacturing 

operations. The task is essentially one of separating a mass of parti-

cles i~to certain specified size groupingso To do this a person could 

make certainlength measurements on the individual pari;icJ.,es drawn from 

the mass_~ An9ther possibility is to use some inanimate device which 

eliminates the need for personal Judgment. Most efforts have been 

directed at developing inanimate devices to perform specified sizing 

of p~rticulate material. Many syste~s have been designed, constructed, 

and evaluated. One characteristic w~ich seems to appear in all systems 

is that optimum capacity and optimum size differentiation cannot be 

optained simultaneouslyo To achieve a high level of one requires that 
I 

less stringent specifications be tolerated on the other. 

__ A greater understanding of the pl:iysical, chemical, and electrical 

properties of the particle would be very helpful in developi,ng better 

techniques for sizing. Knowledge of one of these properties has been 

useci successfully in the gravity table which bases particle separation 

on differences in density. Electrical properties and shape considera-

tions have been used to achieve acceptable sorting of partic],.es. 

The majority of sizing operations in the size range above 100 
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microns have been and are still being achieved with perforated surfaces. 

A greet variety of screen configurations ere available to meet the needs 

for the large number of particle characteristics encountered. Many 

mechanisms ere used ~or imparting motion to the sieves, end en infinite 

number of combinations of displacement, velocity, end acceleration 

exists. 

Few attempts have been pisde to analytically describe the screening 

process. One of the difficulties · is to m.athematicelly account for the 

interaction effects which exist between individual particles end the 

screening surface. A random occurence of events seems likely es parti

cles compete for access to the apertures. This suggests that the passing 

of particulate material through apertures is of a statistical nati.µ-e. 

One would expect these interaction effects to very with changes in 

particle characteristics, screen configurations, and screen motion. 

In view of the large amount of materiel that is sized by perforated 

surfaces, very little qualitative and quantitative information exists 

which would have general application concerning the passing of particles 

through apertures. Optimum sieving 0f a given m.ateriel is usually 

determined experimentally under rather limited operation conditions, 

which does prove satisfactory in many cases. 

Introduction of resonant vibrating screens in Germany in the 30 1s 

end later in the United States resulted in higher screening efficiency 

for many materials. Although better systems are being devised, the 

basic question regarding the nature of passing undersized particles 

through the aperture has not been answered. It is not difficult to 

rationalize that a parti-0le one half the size of the -aperture will pass 

more readily than one which is only slightly smaller than the epert·ure. 
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Some questions which arise are: What is a satisfactory means to describe 

the ease or difficulty that a particle has in passing through an opening? 

What are the effects of mixing varying proportions of different sizes of 

undersize and oversize particles? What effect does the length of screen

ing surface have on the passing of particles? The statement has been 

made that 75% of the undersize particles will pass in less than 25% of 

the screen length (27). It recognizes that the undersize particles are 

of many different sizes, but gives no indication what effect the individ

ual sizes have. 

Answers to the above questions and others which pertain to the 

accurate sizing of particles becomes more important as demand for 

higher quality products continues to increase. In the manufacture of 

food products, knowledge and control of particle size is essential in 

basic ingredients and in the finished product (3). Factors affected 

are color, flavor, texture, consistency, and shelf life. Accurate 

sizing of agricultural seeds used for planting insure more uniformity 

in plant population and harvested product. 

Statement of Problem 

Introducing a mass of undersize particles to a screening system 

results in passage of some of the particles through the apertures. For 

a given set of conditions which define the system there should exist 

some average probabili ty of passage. As the size of these particles 

decreases in relation to the aperture, other factors being equal, the 

average probability of passage should increase. There is evidence that 

particl e size to aperture ratio is a basic character i stic of screeni ng 

performance as is screen slope, feed rate, and motion parameters. 



Gaudin (19) has developed an equation based on geometry for estimating 

the probability of passage for a sphere through a square aperture. No 

attempt was made to consider other important factors which would alter 

the estimate significantly. -, ·· -

Determination of these basic relationships between particle 

characteristics, -screen peTSmete-rs, a-nd motion of screen would be of 

practical importance in analyzing and designing screening systems. 

Objectives 

Specific oqjectives of the study were to: 

1. Establish basic relationships between particles and a 

single screen system by means of theoretical considera

tions and dimensional analysis. 

2. Develo~ the necessary equations predicting the prob

ability of particle passage using experimental data 

and the basic relationships established in No. 1. 

3. Develop a method for selecting aperture dimensions, 

screen motion, and areas for a screening system 

having more than one screen to accomplish a given 

separation. 

Limitations 

4 

One must necessarily introduce limitations in order to concentrate 

on specific factors. The following restrictions were imposed on the 

investigation: 

1. One shape of undersize particles was used. 

2. Two different sizes of particles were used in the experimental 



work. One si3e class was used as unc;lersize particles and the 

other was used as the oversize particles. 

3. The majority of the experimental work was confined to working 

with the undersize particles. 

4, Oversize particles were mixed with undersize particles to 

determine the effect on passage of .the undersize particles for 

a limited number of test conditions. 

5. Grain sorghum was selected as undersize particles and plastic 

balls as the oversize particles. 

6. Square mesh steel .wire cloth screens were used for all 

experimental work. 

7. Approximated simple harmonic motion was imparted ta a 

horizontal screen by an eccentrically driven four bar 

linkage. 

Procedure 

A large number of variables have measurable effect on the prob

ability of particle passage. In view of· this the factors were combined 

in dimensionless ratios to facilitate .the experimental work. Existing 

information and theoretical calculations were used to. form the ratios. 

Laboratory experiments were cond~cted using accepted statistical pro

cedures. 

5 



CHAPTER II 

REVIgw OF LITERATURE 

A literature study was made and the subject matter was divided into 

four areas. These areas were: (1) Particle sbing systems; (2) Experi

mental wrk; (3) Particle size analysifn (4) Theoretical consj,derations. 

P~rticl.e Sizing SysteIJ1s 

Harmond (20) stated that. cleaning. or agricultural seeds requires 

the removal or undesirable elements such as weed seeds, rocks, charr, 

insect and animal droppings. J?lanting of contaminated seed may result 

in reduced yields and increased productio:n costs. Some methods used 

for cleaning seed base separation on size, length, density, seed coat 

texture:, .terminal velocity, and color. As di:f.'ferer.ices in · properties 

increase between seed and contaminant;· separation become.s easier. He 

also reported the development of an experimental machine at Oregon 

State Col;J.ege which clean.s seed by electrostatic·separation. Components 

of the unit were a feed hopper, conveyor belt, d.c. electrode,. and 

divider to divert the separated fractions. Separation was dependent on 

seeds being good or .poor conductors. Contaminated material was· success

fully removed from bentgrass, bluegrass, brome, clover, ground coffee, 

corn, mustard seed, rice, and vetch. It was found that high voltage . . . . 

(10,000-45,000 volts) treatment or ehewings rescue, ryegrass, and sub-

terranean clo1er did not statistically effect germination. 

6 



The. Buell Engineering Company has designed a pneumatic classifier 

for the purpose of separating phosphate rock fines of less than 100 

mesh (33). Primary air enters the unit from the top, drawing in the 

material to be separated~ The entering airstream makes a sharp "U" 

turn into the up~rd inclined discharge duct which set up a counter 

clockwise eddy current. Fine ~terial is carried out with the air 

stream but the coarse partic~es cannot make the sharp turn and proceed 

downward. A secondary air current c:rosses the coarse materia 1 near the 

outlet removing additional fines and reinforcing the eddy current. The 

11cut po:int" is varie.d by reglllating "\;he secondary air supply. 

A compact rotary sieve h~13 been designed by Cheptl (6) for deter

mining the size distribution and mechanical stability of dry soil 

aggrega.tes. The drum of the u,nit ;ts formed by five nested cylindrical 

shaped screens. The drum is sloped 4 deg. from the horizontal and 

. rotates at 7 RPM. The largest screen is 12 1/2 in. in diameter and 

22.in. long. Volume flow to the drum is abou.t. 60 cubic in. per·min. 

Previously band shaking of a flat sieve was used. Specific adva.ntages 

of the r.otary sieve over the flat sieve were: (1) More consistent 

· reslllts; (2) Variable personal factor is minimized; (3) Consistent 

reslllts regardless of the size of soil sample used; (4) Less breakdown 

of clods; (5) Soil can be processed several times to determine its 

mechanical stability. 

7 

Moore (23) states that the proper use of gyratory screens offers 

an effective means of separating dry, £ree flowing granular material in 

mesh sizes ranging from 4 to 325. It is essential to select the proper 

screen size. This can be done with a 14 in. x 14 in. experimental 

sifter. Using the sifter, a scale, and· stop watch, the penetration-



rate test -can be conducte<L "Flow through the sieve of a 500 gram test 

sample of stock :ts observed and timed by stop watcho Through-product 

is weighed and rate of penetration (lb./min,,/fto 2) is conveniently 

calculated. 11 After the test the screen should be visually inspected 

8 

for blinding or pluggingo lie also advocates a taut screen., As a result 

of a free slapping cloth, 11t'he efficient gyratory action is converted 

into a combination horizontal and vertical motion, adverse to efficient 

separation and normal screen-cloth life. 11 It is recommended to ground 

the screen, discha-rge pan, and framelyork to min-±mize electrostatic 

chargese Mechanical plugging of the screen is usually due to undesir

able particle size, thick layer of stock on screen, or inadequate ball

cleaner action. 

Recently at the Quaker Oatsi Mills, electrostatic separation has 

been installed and is being used to separate impurities such as rodent 

droppings from shelled corn (16). The method has also been applied to 

sesame seed. The product passes ov-er several grounded conveyor rolls 

and then proceeds through a 30,000 volt electrostatic field. Different 

types of particles pick up different magnitudes of charge., As they 

leave the field they are deflected by varying amounts which are depend

ent upon the intensity of the charge., 

The editors of Food Engineer~ discuss some of the machines which 

are currently used for sizing of dry solids (foods) and the grading of 

fruits and vegetables (15). Sifters, vibrating screens, classifiers, 

and rotary reels are discussed. 

Sifters employ three types of motion: gyratory, reciprocating, or 

gyratory-reciprocating., Gyratory motion imparts a circular motion to 

the particles as they advance due to the screens I slope., "Circular 
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travel exposed particles to some 150% more openings than reciprocating 

motion; 44% more than copibination motion. 11 The reciprocating drive moves 

the particles in a straight line, Gyratory-reciprocating screens have 

spiral motion at the head end and approaches reciprocating motion at 

the discharge. The authors identify the following factors as affecting 

the rate at which particles pass through a screen opening: material 

density, shape, moisture, fat content, size of particles in relation to 

screen size, static electricity, and physical-chemical nature of particles. 

Two major types of vibrating screens are used--inclined and hori

zontal. Inclined screens convey material by gravity forces and a 

circular or elliptical motion is imparted to the deck. Motion is 

imparted at 45 deg. to horizontal screens which creates forces that both 

convey material along and lift it above the deck. Vibrating screens are 

used in processing French fries, pickles, corn, shellfish, tomatoes, and 

other food products. 

Classifiers are used to separate fine particles from air. The 

size range can vary from several microns up to 100 mesh. One advanced 

system has been designed which is a combination impact pulverizer and 

internal air classifier for lower micron range grinding. 

Rotary reels are widely used in canneries. They have high capa

cities under continuous operation. Beans, mushrooms, beets, and 

oysters,, to mention a few, are graded by this means. Many units are 

available for continuous sizing of fruits and vegetables. Two such 

units are the spool type grader and the roller sizer. 

The National Starch Products Company employs a specially designed 

cyclonic unit which picks off light material from a vortex of swirling 

liquor (14). Tb.is produces a higher quality starch having a reduced 
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amount of unwanted protein. Tbe housing of the separator is similar to 

a centrifugal pump housing. Two vertical plates divide the chamber into 

three cylindrical chambers. Mounted in the two plates are 480 horizon

tal separating venturi tubes. Starch liquor is pumped into the center 

section upon which the liquor enters the separating tubes tangentially. 

A vortex is formed in the cyclone chamber and the light (undesirable) 

liquor flows into the le~ chamber and the heavy (desired) liquor flows 

into the right chamber. Eight such separators are used in series. A 

high quality starch slurry is dischargeo. from the eighth unit. 

A great deal of particle sizing is performed in the mining of 

minerals. Attention will now be directed at reviewing some of these 

activities. 

Faul and Davis. (12) have developed several ways to facilitate 

recovery of minerals such as zircon, biotite, and muscovite. These 

minerals are used in geochemical studies to determine geologic age. 

The devices employ the principle of asymmetric vibration to separate 

gram amounts of pure minerals from rock. 

One device of particular interest is used for separating mica from 

round grain materials. An aluminum plate 10 in. wide, 12 in. long, and 

1/4 in. thick was mounted on the base of a commercial vibratory feeder. 

The plate was tilted 15 deg. to the side and was vibrated asymmetrically 

to its length. When adjusted to the proper amplitude, mica flakes 

advance lengthwise and fall off the far end. The rounder particles roll 

and bounce down the incline. The material is collected in a continuous 

spectrum ranging from flat to round particles. 

Fink (13) discusses ways to reduce screen blinding in vibrating 

screens. Clogging of screens reduces the effective screen area and 
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necessitates reduction of the feed rate. Blinding of vibrating screens 

is usually due to one of three causes: improper motion, moisture 

present in finer particles, and irregular geometrical shape of the 

material. 

Variables which effect screen motion are: :frequency of vibration, 

amplitude, direction of rotation, and screen slope. An increase in 

amplitude is recon'!Illended as the mesh opening increases. Moisture in 

materials is us·ually most troublesome with openings up to 3/8 in. 

Occasionally this difficulty can be overcome by changing from a square 

aperture to a rectangular one. Often more drastic action is required, 

such as impacting the undersize of the screen with rubber balls or 

heating the screen so that wet clinging particles wi.11 dry and fall off. 

Heating is accomplished by passing low voltage current through the 

screen. In place of electric heating of large screens, flame heating 

has been used successfully. Gas burners are placed below the screen 

and direct a flame parallel to, or.inclined at a slight angle, to the 

screen. 

The author states that when exceptionally elongated materials are 

enco.untered more force is required to throw the particles out of the 

apertures than cubical material. This increased inertia force can be 

obtained by increasing speed and/or amplitude. tTsually increasing 

· amplitude is more effectiv-e. 

The International.· Minerals and Chemical Corporation set up an 

electrostatic pilot plant for concentrating low grade coarse Florida 

pebble phosphate (25). This low grade. ore contains undesirable 

quantities of silica. Removal of the silica increases the bone 

phosphate of lime (BPL) from about 60% to 73-77% by weight. The 



pesultin~ product has a ready market. The LeBaron-Iswver free fall 

process was employed. Ore enters the electrostatic separator in a 

uniform thin ribbon parallel to the electrodes. Potential acros.s the 

electrodes is 40~70KV. The phosphate particles have positive charges 

and the quartz particles have negative charges. The particles are 

deflected in opposite directions due to the field. Ore particles not 

freed by crushing ·are too heavy to be deflected and essentially fall 

straight down to be collected in the center portion. Thus, three 

fractions are obtained: concentrates (high BPL), middlings, and 

tailings (containing silica). In this arrangement it is possible to 

grind the middlings and recycle them through the separator. On an 

average the BPL was· increased by 6,2% and the silica content was 

reduced 7 .5%. 
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A Jar-Bar Grissly Feeder is being built by a Johannesburg engineer~ 

ing firm (30). The unit is 48 in. wide and employs 8 rolls. Design is 

such that the unit acts as both a screen and fe.eder. The roll cross

section is elliptically shaped with the major axis of adjacent rolls at 

right angles. All rolls rotate in the same direction and the aperture 

between adjacent rolls remains constant throughout each revolution • 

. Action of the unit alternately lifts and drops lmnps of rock and at the 

same time imparts horizontal movement to the rock. The rocking motion 

results in rubbing and sifting. The fines drop through the a;pertures 

and clean rock discharges at the end of the unit. 

A resonance screen called Resonex has been designed'inWestern 

Germany and has been manufactured by a British firm for use in South 

Africa (29). The entire unit is supported by rubber pillars which 

. minimize the transmission of vibration to the base of the supporting 
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structure. An eccentric viQrates the screen at resonant frequency 

between 600-650 CPM. One feature of' the drive i~ rubber buffers which 

control the length of stroke· which can vary between 3/8 in. · and 

1 l/8 in. A unique feature is an "anti-grav~ty" rubber spring 

installed on each screening section which accelerates the normal screen-

ing force two to four times. Orientation of' the components allows the 

screen to operate in the horizontal position. It is capable of' dedust

ing tobacco which has a density of 2.8 lb./rt.3 and can handle 

materials having densities up to 150 lb./f't. 3 A desirable feature is 

that the screen is qnitised. Units can be combined to ,form a screen up 

to 120 rt. long. One prime mover is used for the combined units.· 

Utley (32) :reports that one of the first Hewi,tt-Robins "Hi-4111 

screens in the sand and gravel industry was installed in Colorado. It 

was a 5 ft •. x 10 rt. double deck unit which washed and classified abou.t 

170 tons per hr. Three size classifications between 1/7 in,. and 11/2 

in. were made. The two horizontal screens are interconnected by 

springs. A 5 HP ~otor drives a vibrator which moves the upper frame 

downward (and horizontally) and the lower frame upward (and- horizon

tally) simultaneously during one half' the cycle. This compresses the 

springs.which stores energy for release during the second half.cycle of' 

motion. The mechanical vibrator is operated at the resonant frequency 

of the screen. 

Sullivan (31) discusses the dynamic principles of' the resonant 

vibrating screen. In Fig. 1 is show the basic Schieferstein system. 
. . 

The external exciting force is applied to the oscillating boay by an 

eccentric-elastic coupling. The force can also be applied as shown in 
. . . . 

Fig •. 2. In this arrangement the vibrator RPM is far above the natural 



frequency of the suspension system. 

Fig. 1. Basic Schieferstein System Em.ploying ~n 
Eccentric-Elastic Coupling. 

Fig. 2. Basic Schieferstein System Employing a Rotating 
Unbalance Carried in the Oscillating Body. 

14 
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Fig. 3 shows the vector diagram for dynamic equilibrium when the 

frequency of the impressed force (F0 ) is less than the natural ;frequency 

of the system. The impressed force leads. the displacement 'by a phase 

angle¢ whieh is less than 90 deg. The damping force lags the displace

ment by 90 deg. The impressed force needed to maintain motion must 

equal the vector sum of the spring force minus the inertia force plus 

damping force. 

Fig. 3.. Vector Diagram for F.quilibr,ium Conditions in 
Forced. Vibration, W/Wn <. l. . . · ... 

In Fig. 4 the RPM of the exciter has been increased end is equal 

to the natural frequency of the system. In this condition known as 

resonance, to maintain osciUation,. (F0 ) · has only the damping force 

to overcome and .the amplitude of the body will increase to whatever 

mechanical limits exist in·the system. 

Fig. 5 shows the vector diagram for equilibrium for frequency 
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ratios much greater than resonance. Spring force and dsml'ing is small 

.and about 95% of the impressed force is u.sed to overcome the inertia 

force. 

t::lc:,~..,,.,..,:.,~ ,..-,, . 
fQrc..e 

Fig. 4. Vecto:r.Diagram for Equilibriwn Conditions at 
... Resonance, W/Wn • 1. 

. . 

Fig. 5~ Vector Diagram for Equilibrium Conditions st 
High Frequ.ency Ratio, W/W~> 1. · .. 
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The stalling_problem assoc;ated with this type of sys"l;_em c~n now be 

explainedo Let the screen be tuned to resonance in the unloaded condition. 

As material enters the screen the weight of the structure increases. This 

ad~itional weight reduces the natural frequency of the system and causes 

the frequency ratio to move above resonance. If the exciter cannot over-

come the increased inertia force, the amplitude of the system decreases 

until dynamic equilibrium is again established. While this is occuring 

material is building up on the screen which further depresses the ampli-

tude until the screen ceases to oscillate. 

To overcome stalling, designers have modified the basic 

Schieferstein system as sho'Wll in Fig. 6. Buffers are added to apply 

Buffer 

Figo 60 Schieferstein System with Buffers Which Apply 
Solid Damping at the Stroke Limits. 

_ "solid damping" to the system at the stroke limits which flattens the 
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peak of the resonance curve. The system is tuned under no-load operat

ing conditions at a frequency ratio below resonance. When the load 

comes on the screen, the frequency ratio increases and moves into the 

flattened portion of the resonance region. With this arrangement 

material loads up to one-half the weight of the structure can be 

handled without loss of amplitude. 

A sonic vibrating filter has been designed which is suitable for 

filtering solids or viscous materials (26). The unit has a screen sus

pended as a catenary with one edge clamped and the other edge driven by 

a 120-cycle electromagnetic vibrator. The vibrator is supported so that 

the higher order harmonies are superimposed on the fundamental mode of 

vibration. The vibration sets up a longitudinal wave front at the 

clamped edge which gradually changes to transverse waves at the bottom 

of the catenary. This motion induces a strong lateral feed displacement. 

M.aterials not passing through the filter move laterally with a circular 

motion to the end of the screen. 

A new vibrating screen separator for continuous separation of wet 

and dry materials is now being marketed by a British firm (11). The 

unit can be fitted with four 48 in. diameter screens and it is claimed 

to have high capacity per unit area. The screen assembly is spring 

mounted to the base to isolate vibrations. A one HP vertically mounted 

electric motor with double-ended shafts drives the screens. An eccentric 

weight at the top end of the shaft drives the screen horizontally. On 

the lower end of the shaft an eccentric weight imparts vertical motion. 

Position of the lower weight is variable to give a phase shift between 

vertical and horizontal motion. 

A very interesting device for sizing was noted in Chemical 
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Engineering Progress (10). It is a stationary screen of the sieve bend 

type. The screen was originally developed for use in coal mining but is 

now being used in the food processing industry. Particular applications 

have been in the corn starch industry, cane and beet sugar factories, 

potato processing plants, and pineapple juice plants. 

Method of operation and geometry of the unit is shown in Fig~ 7. 

'vVe~ e 

Fig. 7. Curved Stationary Screen. 

O Vel'..S i2:.~ 
/'41' 'T'"l't!,/'I!!. .s 

The concave sieve bend is stationary and is composed of parallel metalic 

wedge bars having equal openings for the entire curvature. The feed 

slurry is directed vertically and tangentially over the full width of 

the screen. The slurry flows down the concave surface at right angles 

to the openings. A boundary layer drag is formed which causes a thin 



layer on. the underside to peel off and deflect through the openings of' 

the wedge bars. Th~ size of separation is detemined by the thickness 

of the layer peeled off and the opening between the wedge bars. The 

size of separation is always smaller than the bar openings. Coarse 

screens will produce separations which are approximately one-half the 

slot openings. Since the particles passing are appreciably smaller 

than the slot size, the unit has high capacity and good non-clogging 

properties. 
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To characterize the unit, the following parameters were identified: 

slot width, velocity of slurry, density of medium, screen length, radius 

of curvature, undersize volume flow, and total volume flow. A Reynolds 

number was formulated: 

Re= vs e 
µ. 

V = Velocity at feet spout (cm/sec.) 

p = Density (gm/oc) 

S = Screen slot width (cm). 

µ.=Kinematic viscosity of medium (Stokes) 

Experiments have shown that above a critical Reynolds number (300) 

there is little change in the ratio of volume passing through the bars 

(undersize) to total volume (feed). For a feed spout velocity of 

10 ft./sec., most material will have a Reynolds number greater than 300 

for all screens down to 0.35 mm slot width. For slot width of .05 mm 

orifice-type feed nozzles are used to produce the needed higher vela-

cities. 

Cirlyptic screens are being used mainly in screening flour and dry 

milk solids (5). The head end of the screen is driven with a circular 
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. . . 

motion in a horizontal plane. The discharge end moves in an elliptical 

path which results in a back and forth rocking. · The sifter• s success 

is attributed to irregular movement which provides many angles of 

approach for the particles with respect to the sieve openings. Due to 

the vigorous motion secondary vibrations are not needed to keep the 

screen open. Up to four fractions can be obtained without the nesting 

of sieves. Successively larger mesh screens receive the overs of the 

previous screen. · Adjustable barriers control time that mater'-al is in 

each section. Time can be varied from three seconds to several minutes 

and maximum capacity is 1000 lbm./min, 

In many cases the screening of solid particles becomes difficult 

due to build up of static electricity charges on the particles. A 

method was developed to eliminate static charges in the laboratory 

screening of polystyrene plastic spheres (2). Pieces of dry ice were 

placed on each screen. Humidified nitrogen gas was passed upward 

through the screening unit. The dry ice cooled the particles below room 

temperature and a thin film of water condensed on the particles when 

exposed to the gas stream. The liq,uid film prevented static charge 

buildup. A~er screening, the particles were spread out and allowed to 
. . 

dry. The water film did not appear to hamper the separation in any way. 

Eck and Walter (9) identify the following main factors which 

influence the capacity of a sifter: 

1. The input capacity in pounds per hr, 

2. Bulk density of the materials. 

3. Shape and nature of' particles. 

4. The range. of particle size permissible in the finished 

product. 



5. The percentage of in-range yield required. 

6. Temperature of the material as it enters the sifter. 

7. Electrostatic or other unusual characteristics of the 

material. 
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A rule of thumb is that the more exacting the requirements, the 

more difficult and expensive the sifting operation will beo The authors 

identify the following parameters as necessary in specifying industrial 

sifters: 

1. Screen area needed. 

2. Type and style of sieve • 

.3. Anti-clogging devices for $Creens (rubber ball-type, leather 

and nylon figure-eights, jack chains, etc.) 

4. Mesh size and wire diameter. 

Allen (1) considers the following material properties as relevant 

in separation of dry particles: size, density, shape, surface, hard

ness, porosity, friability, interparticle friction, surface moisture, 

angle of repose, tendency to agglomerate, hygroscopicity, electrostatic 

charge, abrasiveness, and bulk density. He suggests that particle size 

can be specified in several ways. Spherical particles or nearly so can 

be characterized by diameter. Long narrow particles require some com

bination of two dimensions. Extremely small particles are often desig

nated in terms of the aperture through which the particle will pass. 

Sifting is defined as any separation performed on a screen or sieve. 

If undersize particles are substantially smaller than the aperture and 

oversize particles are much larger, a large amount of material can be· 

sifted on a small area. 

Particle shape is very important. It affects interparticle 



23 

friction which determines the ease with which fine particles settle to 

the screen surface. Screen motion should qistribute material ove~-the 

entire screening area, cause fines to settle to the screen surface, and 

discharge oversize p1;1rticles. Mot,ion applied to the screen can be in a 

horizontal plane, vertical plane, or a combination of the two. Motion 

which introduces a vertical component causes material to leave the 

screen part of the time thus reducing the time for the undersize 

particles to pass through the aperture. However, vertical motion 

assists in brea~ing down clusters of particles and is best for coarse 

si~ing or where the undersize particles are considerably smaller than 

the mesh openings. Horizontal rotary motion causes the material to move 

in overlapping circles from inlet to outlet which maximizes the number· 

of openings to which the particles are exposed. 

Experimental Work 

Considerable descriptive material exists in the literatures as 

evidenced by the previous section. However, one finds a limited amount 

of experimental work published. 

Fowler and Lim (17) report the results from an experiment using a 

single deck Denver-Dillon screen vibrateo. by an off-balance flywheel. 

Amplitude of vibration for all tests was fixed at 7/64 in. Screen size, 

10 in. wide x 24 in. long, remained constant for all tests. Olean dry 

river sand vres the experimental material. Screen analysis of the sand 

showed a reasonable proportion of oversize and undersize particl~s for 

the screen sizes selected in the experiment. "A statistically planned 

experiment of 4 x 4 x 4 x 4 = 256 runs was designed in which the four 

levels of each of the four factors were split arbitrarily into pseudo-
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factors giving ~ 28 .full factorial design. . Thi~ desi~n was split into 

4 blocks of 64 runs with the block differences confounded with the third 

order inte:raction." .. The four main factors in the experiment were1 

A -_feed rate, B - . speed of vibration, C - screen slope, and D ..;.. 

aperture.size. Levels o.f the factors ~re shown in TABIE I. In conduct~ 

ing a given test, sand was metered onto the screen and allowed to flow 

until steady state conditions were reached. Then two samples of both 

undersize and oversize particles were collected in 10 sec. Amount of 

undersize particles in the oversize sample was determined. The ~uantities 

were expressed in a per cent effectiveness term, 100% occuring when all 

undersize particles pass through the aperture. 

Level 

00 
01 
10 
11 

TABIE I 

LEVELS OF FACTORS USED IN THE EXPERIMENTAL WORK 
BY FOW:cER AND LlM, · 

Feed Rate Frequency Inclination 
lb./min. Rev ./min. Deg. 

5.50 952 6 
7.25 1130 11 

10.00 1326 15 
15.45 1489 19 

Screen 
Aperture 
Microns 

276 
318 
447 
596 

Analysis of variance indicated that feed rate and aperture have 

the greatest effect on separation effectiveness with aperture effect 

being considerably more significant than feed rate. StE!tistically 



significant first order interactions were obtained between feed rate 

and aperture, and frequency with screen slope. Qualitative nature of 

the results were: 

1. Effectiveness increases as feed rate decreases. 

2. Effectiveness inoreases as screen aperture increases. 

3. Effectiveness increases as screen slope increases up 

to 15 deg., but then descreases as slope increases. 

4. Effectiveness increases as frequency increases to 1130 

RPM and then decreases slightly as frequency increases. 

The authors also identify the following variables which can 

influence the effectiveness of separation. 

1. Variables due to the mater:tal being screened. 

a. Bulk· specific gravity of feed. 

b. Particle shape. 

c. Percentage of near size, 0.7 to 1.5 times the screen 

aperture, material in the feed. 

d. Moisture content of the feed. 

e. Static charge generation. 

f. Stickiness of the material. 

g. Abrasion resistance to attrition. 

2. Mechanical variables due to the type of screen used. 

a. Length and width of screen. 

b. Amplitude of vibration. 

c. Frequency of vibration. 

d. Slope of screen. 

e. Direction of vibration. 

f. Capacity of the screen. 

25 
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3 •. Variables due ~o the screen cloth. 

a. Size of aperture. 

b. Per cent of open area. 

c. Shape of open:ing, square, circular, etc. 

d. Feed rate necessary to prevent blinding. 

e. Resistance of screen material to distortion. 

f. · Variance in apertures over the screen. 

Limited information is given in some experimental .work as reported 

by Sinden (27). Tests were.conducted using a 3 x 5 ~. screen with 

1/4 in. openings. Slope was 17 deg. No mention was made of the 

material nature or the type of motion imparted to the screen. Graphical 

results are presented in Fig. 8 and 9. He makes some rather interesting 

comments concerning the general subject of sizing particles with 

vibratory screens. Screening action is best when the screen is covered 

with a layer one lump deep. Increasing feed rate above this will 

decrease efficiency qnless the additional load consists of lumps much 

larger than the screen openings. "Capacity is directly proportional 

to the width of screening surface. The length of screen bas but little 

effect on capacity. 11 All partioles less than about 1/2 the opening sj.ze 

will fall through quickly. Particles 1/2 - 3/4 of the.opening will pass 

by the time they have advanced over a few openings. For a given screen 
.. 

over 75% of the undersize particles will pass in less than 25% of the 

length. Efficiency and capacity of a screen decrease as the .wire 

diameter increases for a given size of opening. This reduction is 

approximately proportional to the per cent change in open area. 

Additional experimental work is reported by· Fowler end Lim (18). 

Based on.experimental work with three materials, a non-homogenous 



100 

:-15 
c 
CD 

u .... .... 
~ 50 -c: 
Q) 
u ... 
-~ 25 

Pereent Of Fines That Have 
. Passed. Through 

OO · I 2 3 . 4 5 6 7 

D isfonce Traveled On Screen, Ft. 

· Fig. 8. Per Cent Efficiency Versus Distance Traveled on Screen. 

8 

N 
....J 



100 

·~ 90 
c • -c., -~ .80 
.... 
·C 
CD. 
c., 

~ 70 a. 

0 20 

Screen Length = 5 Ft. 4 In. 

40 60 80 . 100 120 
. Feed Rote T. P.H. 

Fig. 9. Per Cent Efficiency Versus Feed Rate. 

140 160 

l\) 
()) 



29 

polynomial equation predicting effectiveness was developed. Form of' the 

equation was: 

e =A+ Bs + Cs2 +De+ Na2 + Fw + G cosa + Has 

. ' 

where: e = the percentage effectiveness 

A, B, c, D, N, F, G, an(i Hare constants 

s = specific gravity 

a = amplitude 

w = frequency of vibration 

0 = screen slope 

Materials used in the test:;i were coal, limestone, and ba:rites which 

.were· in the crushed state. The median size of the lll8teriel was epproxi-
. . 

mately 5.5 mm. The equation devel9ped allowed prediction of eff'ectiv~ 

ness of separation at the· 95% co:p.f;i.dence ;Level. 

Partiqle ·Size Analysis 

In order to describe any sizing operation the si,~e and distrib.u.-

tion of' particles must be.known.· Considerable effort has been expeno.ed 

in developing techniques to more.accurately describe sample makeup. 

Berg and Kovac (3) state that control and knowledge of'· :par:tiGle size is 

of primary importance in food manufacturing. Spice ma_kers heve found 

for ~ample that size reduction to the 100-400 mesh size will provide a 

desirable surface area to volume ratio which permits maximum release 

of natural flavor •. Conventional methods used to determine particle 

size and size distribution are microscopic exam;i.nation, sieving, and 



,30 

gravitational sedimentation methods. These methods have been criticized 

as, "tedious, time eonswning, inaccurate, unreliable_, and limited e,'J.ther 

as to size range or to products." The authors discuss the principle of 

the Coulter Counter which eiiminates some of tbe undesirable features 

of other methods. It can determine the number and size of particles 

suspended in an electrically conductive liquid. A dilute suspension of 

particles in an electrolyte flow through a small aperture one at. e ti.DJe 

with inml.ersed electrodes on either side. Particle passage changes 

resistance between the electrodes and a voltage pulse proportional to 

particle volume is produced. The pulse is amplified, sized, and 

counted. Pulses are fed to a threshold circuit with an adjustable 

screenout voltage level. Thus only pulses exceeding e set level are 

counted. Data is obtained for plotting (log - log) particle volume 

versus relative count above threshold level. The pulses can be used as 

feed back information to adjust controls on size reducing machi?les, 

·. sifters, and other processing machinery. 

It has been estimated that one cup .of' all .. purpose flour contaj.ns 

more then one-hundred billion individual particles (7), The u.s.D.A. 
has established that endosperm particles must be smaller thari 0.006 in. 

'· 

in diameter to be called flour. Finene.ss of flour is considered as an . 

important property influencing the quality of cakes, cookies, end .bread. 

Much effort has been devoted to measuring the size distribution of flour. 

Direct observation through a IPicroscope was first used, Thi!:$ was 

tedious and left much to be desired, VarioWJ sedimentation methods have 

also been divided. Techniques utilizing the difference in behavior of 

different !3ize particles in electrical, thermal, and optical fields have 

been developed to determine the ·Size distribution of subsieve particles. 
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Because the various techniques differ in principle, the size dis ... 

tributions are not always comparable, thus the researcher is confronted 

with the task of presenting his infonnation in su.ch a way that others 

will understand it and will be eble to. use it to improve the quality of 

flour. 

Testing of electroformed micro-mesh sieves has shown that they are 

precise in the 20-lOOmicron range (21). Three screens were calibrated 

and then checked for precision. Samples of monocalcimn phosphate were 

sized on the three-screens. The separated fl'actions were analyzed by 

accurate sedimentation and electronic sizing and counting. These 

calibrated values were than compared with the nominal openings· as 

determined by microscopic measurement. The precis:i,on was checked by 

taking two samples in two size ranges and running them five times by 

two different operators, Statistically there was no significant 

difference between. operators at the 99.9% level. 

An instrwnent for measurement of particle size in. the 0.,1 to 5.0 

micron range is reported in the Journal of Scientific Inst~mnents (28). 
. . . .· 

The device speeds up the. settling process by replaeiJig gravitational .. 

forces with centrifugal forces, For the design speed of 500 RPM, the 

centrifugal force on a particle va~ies from 90 g's at the.center to 

330 g I s at the point of extraction. The centrifuge has to run about. 

one min. for extraction of a 5 micron particle and about 8 hrs, for a 

O.lmicron particle. 

Theoretical Considerations 

Pallavalle (8) presents a theoretical analysis which was origi.nl;llly 

developed by Fegerholt. 
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Parameters. in the Anelysis 

Particle weight ... size distribution .function, lbµi.. 

Particle size, in. 

Lower limit of particle size on screen, in. 

Ma;ximum particle size that can pal!ls sereen, in. 

Mass of particles of size d at time t on the screen lbm. 

Prol:>ability of passing through the screen 1/in.~sec. 

t 

b 

Sieving time, sec. 

Constant value of Fw(d) between d0 and ~x· 

Fraction of material retained on the screen. 

A general particle weight-size distribution cu;rve is asswned as. 

ahow in Fig. 10. 

rw <d> 

q'l, t/ /t/4,)( 

·. r'arl-te:-1~ ..s,:,~ ) d 

Fig. 10. Particle Weight-Size Distribution Curve. 



Assumptions made in the analysis were: 

1. Batch type sifter. 

2. Particles in the size range O to d0 fall through the 

aperture instantaneously. Time is considered to be 

zero at d0 , 
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3. · The distribution function is assqnied to be a straight line 

between d and d • · o · max 

4. Particles slightly less than ~x pass just as readily 

as ones slightly larger than d • 
0 

The particle screening rate is proportional to the number of 

particles on the screen. 

Integrating 

= EXP [-er (dmax - d) 2 t] . .c::: . 
ford -~ax 

Then the expression for the material retained on the screen at any 

instant in time is: 

)( d(cl) 

or 

d{d) 



l\nin .is the material larger ·than ~x· 

Integrating Rt, by use of the probability function yields; 

R = R.\r-u
t 2·v -;r- + R 

· min fort> O 

Fig. 11 is the graphical representation or the above equation~ 

Th:i.s relation indicates that the sieving operation would require an 

infinite time to· pass all the particles between d0 and ~x· 

Ftg. 11~ Weight.of Material Retained on Screen 
Versus Si~ving Time. 

. . 
. . 

Bodziony (4) has developed an integro-differential equation to 

describe the screening process. The general solution is : 

f O.c;m,,,()('O. ) . .L) d D x de (D, .L.) ·-- . ( D ) ·,. (.D °..L) c..;c c; - -,,A JD.s x . ._ .,c,.;. 

dt 
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where 

C(D, t) = d)l (D,t) 
dD 

= Rate or change of total volume with respect 
to diameter 

de. (D, t) = Time rate of change of C (D, t) 
dt 
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>.. (D,Ds) is a proportionality factor which is a· function or the screen, 

motion, a:p.d grain size. He then describes two eases. Case A considers 

a narrow range of particle sizes less than the aperture size which 

results in a fin!te period of sifting time. Case :S considers two 

ranges of particle size, one larger tha:p. the aperture and one smaller. 

To achieve perfect sept:iration in Case B requires an infinite time •. 

Some experimental results using sea sand indicate that test values and 

theoretical values were compatible. 



CHAPTER III 

TEEORY 

An analysis of passing particles th~ough the ape:rtures of wire· . 

. cloth screen should consider analytical aJ}d statistical concepts. 

Using the analytical approach to describe the motion or the screen and 

t"t;s ~ff'ect on a single particle under idealized conditions should give_ 

general behavior or a mass of :particles. Numerous particles in a system 

will introduce interaction effects not present when only a single parti..

cle is considered. In most cases these interactions are evaluated most 

efficiently by experimental procedures. 

The pa'l;h of an iq.ealized part5.cle on a non-perforated vibrating 

surface can be predicted analytically with reasonable accuracy. If the 

surface is replaced with a wire cloth screen, a certain amount ot 

rE1ndqmness in the l!)l3th occurs. This can· be described with the aid of 

Fig, 12, · Assume that the av19rage net movement of the particle per 

oscillation of the screen is to the rig~t. Let (l) ~e· some character-

. istic length of. the par.ticle and let (1) be less t.h8n ··(a), which intPlies 

an undersize particle, If the particle impacts the wire at point A, 

back scattering occurs. Consider:l.ng the wire and particle as rigid 

. bodies, the angle of scatter will equal the angle of impact at the 

instant before and after impact. Since the screen must be placed in a 

gravity field (G) to f.unction as ·a .. sizing device, the particle wi.l,l be 

deflected down as indicated by.the dotted line. The particle may or 

. J6 
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mlily not pass through the a.petture (a), depending pn the magnitude of 

· (}), (~}, particle Velo.city alter ~~ct, loca,tio.n,9f t.he imps.ct poi:nt, 

and motion of the screen. ·The par'.ticle cduld also ~pac.t .at poin,, B. 

In._this. .. caaa,-for:waxd. ~tte,r oc.c.u.rs.,-:--and-the 11:ke.lehood of passage is 

dependent on the same factors as in backscattering. For net movement of · 

a pa_rticle to the rfglit, the d,lrect:i:op .and ·magnitu,de of scree,n yelocity 
,. 

must be ;uob 'that the particle ve'lopity is augme,p.ted -when forward 

scattering occurs and'' suppressed when backscattering. happens. Net 

movement to the right will occur when the resultant screen,velocity (V) 

is in first quadrant. Consideration of numerous partiples in the system 

wil:J. induce greater randomness of individual par1ticle motion. Deflection. 

concepts which apply for a single particle will also apply tor a mass of 

particles. However individual particles can collide with each other. 

These collisions will ca.use s1;3condary, tertiary, quartic, .~tc. 

scattering effects. If (.Q.) is gr-eat.er .thanc-(4il~ and the sd!ieen is infinite 

in length, the scattering \rotild oonttnu.e ad infinitmn. 

G 

v 

@ 

Fig. 12. Particle Scattering. 
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Dimensional Analysi,s 

___ Considerati9n of the many parameters required to (i~fine a scree:g.ing 

system favors. the W3e of dimensional ana:J.ysis. Parameters which have · 

measurable effects on the system c,an be combined into qimensionl,ess. 

ratios which reduce the nwnber of variables. These ratios can then be 

t:r:-eat~d as variables. Failur.e to consider an important par~meter will 
. . . . : . . .· . 

' ' 

reslllt in. an uncontrolled random varial;>le which will render the analysis 

ineffective, Achieving correct formulation of the ratios depends on 

proper application of known theoretical relt:!tions and general knowledge 

of the system. Quantitative relationships m1.1St be obtained by experi ... 

mental procedures. 

Murphy (24) states that dimensional analysis is based on two 

ax.i,oms: 1. absolute numer;ical equality of quantities may exist· only 

when the quantities are similar qualitatively, end 2, the ratio of 

the magnitudes ot two like. quantities is independent -of the_ units used. 

in their measurement,' provided that the seine units ere used for ~elu .. 

sting each. 

The utilization of dimensio:risl analysis ;requires that variables 

which .have a measurable ;influence on the system be identified, and then 

grouped into dimensionless ratios called pi terms- I.snghaer (22) has 
' ' ' 

developed a rigorous theorem which states that· the nwnber of dimension-
' ' ' 

lei;Js products in a c,omplete set 'is equ,al to the total nwnber of vari-

ables minus the rank of their dimensional matri.Jt'. There is no unique 

set of pi terms, Other terms can be formed by multiplication .or 

division of terms within the set. 

A prediction equation relating the pi terms can be fo:rm.ulated by 
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analysis of laboratory observations. Murphy (24) suggests the follow-

ing procedure for . evaluating the function. Arrange the observat:j.ons so 

that all the pi terms except orie are held constant, then vary it to 

establish a relationship with the quantity being observed. The 

relationship established is called a component equation. Repeat this 

procedure for each of the pi terms. The resulting re;LationsM .. p 

between the observed quantity and all the individual pi terms can be 

combined to give the general relationship in equation 3 .... 1. Obtaining 

this combination is not always simple. If the component equations are 
h 

of the form 111 =Alls, the pi terms will combine by multiplication and 

the general prediction equation will have the form, of equation 3 - 2. 

Il1 = F (Il2, Il.3, n4, • • • ns) .3 - 1 . 

· K2 K3 K4 Il Ks 3 .. 2 n1 = K1n2 Il.3 n4 ••• s 

If the component equation plot as straight line on arithmetic peper, 

then it can be shown that the pi terms will combine to be a swn and will 

have the form of equation 3 - 3 (24) , 

3 - 3 . 

. Selection of Basic Quantities 

Tpe system selected for investigating the passage of particles 

through apertures consists of: 

1. · A square aperture plain steel wire cloth screen with double 
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c:rim:p weave. 

2. Approximated simple harmonic motion imparted to the horizontally 

P9sitioned screen ii;i a grev~ty field. 

3. One size class ot grain sorgh~ representing the undersize · 

particles. 

4~ . One siie <;,lass of plastic balls repr«;3senting t}le oversize 

particles. 

A schematic draw;i.ng of the system is shown in Fig. 1). 

~s~ 
Q~ 

<Po .;.,.___.. Sc r-e. e/J · ~....-....-~~--~-------,--~,,....,.,.....-....-~~,-..--.-~--

I . I 
I' 

.I r ·., ·. 

Fig~ 13. Schema.tic Diagram 0£ the Screening System 
Selected for Investigation, · 

The dimension!:11.tmalysis for the screening system is presented in 

· TABLE II. 

'l'he first area of investigation was to study the behavior of p$SS-
. . . 

. . . . . 

. ing undersize particles through the screen without introducing any 

oversize particles. For this part of the s~udy n1 was the dependent 

variable,_ n2, n6, 117, Ilg, 119, nl,0' and ll11 were the independent 



variables. ll3, n4, and ll5 were held constant. nl4 was zero, and. ll12, 

n13, n15, an4 n16 were not relevant since no oversize particles were 

present. 
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The second area of i;nvestigation was to study the e.ff'epts on under.

size particle passage when oversize particles were introd~Qed in va;rying 

proportions. .For this part of the study 1 n1 was observed as n14 varied. 

All other ratios were held constant • 

No. 

1. ... 
2 .. 

3. 

4. 

5. 

6. 

7. 

8 •.. 

10. 

. TABLE II 

BASIC PARAMETERS lN THE PHXSIC.AL SYSTEM 

Symbol Parameter 

p . Ratio ·Of 11tb,roughs 11 to total qWU)tity. 
or pa;rticles measured at S. · .. · .· 

Angle with respect to the vertical 
at which motion is imparted t·o the 
horizontal screen. deg. 

S A.length meas~ed :f'rom the head 
end of the screen. in. 

a Aperture opening of the square 
mesh screen. in. 

. d Wire diameter of screen. in • 

Amp.J,itude of Vil;,ration. in. 

Length of undersize particles, in, 

M.aximum. width of undersize particles. 
in. 

Minimum width of undersize particles. 
in. 

Length of oversize particles, in. 

Dimensions 

0 

0 

L. 

t 

L 

L 

L 

L 

L 

L 



TABLE . II ( Continued) 

No. Symbol. Parameter 

11. 120 Length c,f o"lersize particles, in.· 

12. f Frequency of Vibration. cps 

13. Pu Density ~f undersize particles. 
lbm./in. 

14. Po Density of oversize particles. 
lbm./in.3 . · · 

15. p Air density. I 3 lbm, in. 

16. Q Mass flow rate of undersize particles 
per unit width of screen. lbm./ip..-.sec. 

17. Q 0 Mass flow rate of oversize pa:rt.Jcles 
per unit width of screen. lbm./in.~sec. 

18. G Earths .gravitational field lbf'./Ibm. 

19. 1,1, Air absolute viscc;,sity. lbf'.~sec./;tn. 

20. Ne Newton's Second Law Coefficient 
lpf./lbm.-in~/sec.2. · . 

Dime.nsion~: F = Foree 
L = Length 

M =Mass 
T = Time 

Number of pi terms:;: 20-4 = 16 

One 1:)0Ssible.set of pi terms: 

n = P 1 

n2 = a 

ll3 == Pu /p 

n4 = l2u/l3u 

n5 = 12ul11u 

n6 = d/a · 

117 =.Nepf'Al2u/1,1, 

lis = Q/p .f'a2 
. . . u 

n9 = Net'A/G 

Il10 = S/l2u 

nil= l3u/a 

1132 = l10/l3u 

ll:,_3 = 120/110 

ll14 .=1 Qo/9 

1115 = po/Pu . 

ll16 ::;: 120/a 

2 

D ilnens ;i.oJlS 

.L 

..1 
T 

MC3 

ML".°3 

ML-.3 

MC],T-1 

ML~lT-l 
. -1·· 
FM• 

FTC.2 

»fl1-1T2 



Discussion of the Dimensionless Ratios 

Since the study was limited to two size classes of pa:rticles I13, 

n4, n5, nl2' ll1.3, nl5' and n16 remained constant throughout the entire 

investigation. ThllS n1 was considered as the dependent variable end 

n2, J.16, n7, Us, 119, :1n10; 1111, end n14· iu, the independent variables. 

P was defined as the ratio of throughs to totals, measured et S. 
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This ratio measures the response of the system due to changes iDr the 

other variables. ')lie numerical value· was obtained by dividing the weight 

of particles which pass through the screen between zero and S by the 

total weight ot undersize material which was metered onto the screen. 

Therefore it is possil;>le to make S sufficiently la:i;-ge so that P 

approach~s unity. Likewise if S . is sufficier,,tly small, P w3.ll approach 

zero. In repeated sampling, P serves as an inde~ of the probability 0£ .. 

particle passage. 

a is the angle lyith respect to the vertical at which mot,ion is 

imparted to the horj,zontal screen. If for a small r:, 1 the frequency and 

amplitude ere suff;i.cient to induce· the ~rticles to hop, the net advance 

(Fig. 12) to th.ei right will be relatively small and the number of 

. opportunities per unit of travel, for 'passage through the apertures 

would be relatively high" As a increases, the hopping effect will ·. 

diminish and the net advance will increase, lt is :possible to reach a 

point where the particles do not appear to leave.the surface but merely 

slide along. The question arises: Is it more desirable to have tl:le 

hopping effect, or the sliding effect? Thi~ would depend on the nature 

of the :material being sized. · lt is trt.ie that when particleSi are not in· 

contact with the screen,· the opportunity for passing is lost. However, 
' . 

a more vigorous action is present which discourages clustering of the 
, . I . • 
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materi~l and encourages contin~l reorient.at ion of' the partic~es • 

. d/a is the ratio of the wire diameter in th~ screen. to the squar~ 

aperture opening. As this ratio increases, all other factors r~ining 

constant, the number of' apertures per unit screen width and length. 

decreases. This ratio aiso serves. as an index of roughness for the 

screen. 

Nepf'Al2j1Jt is a form of' Reynolds number. It is known from theory 

and experimental wor~ that drag effects on particles are related to 

Reynolds number. This ratio seems appropriate since the ~rticles are 

accelerating end decelerating in the presence of air. The average 

velocity in the screen i~ characterized by the prod~ct of frequency end 

&l!lplitude. This velocity serves to describe the particle velocity in 

the f'luid medi.WD.. 

Q/pufa2 is the ratio qf volume flow of undersize particles per 
. . . . 

unit time to the vo],ume swept out by the apertures per unit time.. This 

ratio is. tenable on the grounds that en increase in the volume flow rate 

of unde;rsize particles would necessitate an increase in the volume swept 

out by the apertures, other factors being equal, 

Nef4A/G is .a form of' the Froude number which .is an ind~ of inertia 

forces to gravity f'o:rces. This ty:pe of' screenin:g system would not 

function without gravity forces. The magnitude of the inertia forces· 

of the particles w:iJl be <iependent on "\;he motion in the screen.. The 

product, Nef'2A was seleetedas the most apPf:Opriete means to represent 

the particle inertia forces. 

S/12u was consid,ered as the screen length index required to achieve 

a specified level of separat;t.on, If all other pi terms ere held 

constant, .variations in this ratio will cause variations in P up to 
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some value of s/12u, For smal1values of the ratio, the r$sponse P 

would be small. As the ratio increases, it seems likely that P would 

approach unity. Beyond some point large ipcreases in S/12u would be 

needed to obtain relatively small increases in response, 

13u/a is ~he ratio of the minimum dimension of the particle to the 

square aperture opening. For particles to be classified as.undersize, 

l.3u <. a, and 12u < a2• Gaudin (19) recognized the :importance of this 

ratio in his analysis which considered only particle and screen 

geometry. When this ratio is small, the particles would fall through 

readily. As tl;le ratio approaches unity, orientation of the partic.;I.es 

becomes more critical, thus the total number passing would diminish per 

unit length of screen. 

Q0/Q·is the mixing ratio of oversize particles to widersize 

particles. As this ratio increases, the oversize particles are more 

successful :in reducing the number of apertures available for undersize 

pasi;iage. 

~heoretical Analysis Under Idealized Conditions 

It is extremely difficult to mathematically appraise interaction 

effects between particles and screen and among individual particles. 

However, to provide a rational Qasis for selecting screen motion para

meters, an idealized condition was analyzed! 'l'he following assumptions 

were made in the analysis. 

1. Simple harmonic motion was imparted to a horizontal non

perforated surface. 

2. The motion was applied in a strEiight line path which was at 

an angle a with respect to the vertical, 
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3 • . Sufficient motion was imparted to the screen to insure that the 

particle ~xecuted small hops. 

4. Minimum peak acceleration permitted in the screen was 
2 

385.728 ;i.n./se9. 

5. The particle was assumed to have no relative movement with 

respect to the surface when in contact with the surface. 

6. The particle was assu,med to remain in contact with the surface 

until conditions were such that the particle would exec~te 

another hop. 

7. The system was placed in a vacuum. 

The physical system is shown in Fig. 14. 

Fig. 14. Schematic of Theoretical Screening System. 



Equations of motion are: 

D = A sin 21U't 

• D = 2IlfAcos2llft 

D =-4Il2r~Asin2llft 

D = Displacement of a point on the screen (in.) 

A =Ma;ximum amplitude (in.) 

f = Frequency (cps) 

t = Elapsed tim.e for rotation from reference position (sec.) 

D = Velocity of a point on the screen (in./sec.) 

D ~ Acceleration of a point on the screen (in,/sec.2) 

The. fQllowing refer~nces were used: 
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3 - 4 

3 - 5 

3.,. 6 

1. Displacement is zero whe~ 0 is zero. This occqrs at the mid-

point of surface travel. 

2. Positive sign indic~tes up and p.egative sign down. 

In TABLE III the proper signs .for the angular positions are .given. 

0 
Deg, 

O - 90 

90 - 180 

180 - 270 

270 - 0 

TABLE III 

SIGN CONVENTION FOR THE THEORETICAL SCREENING SYSTEM 

D f> 
iµ, in,,<sec, 

+ + 

+ 

+ 

l5 . 
. I 2 in, sec, 

I 

+ 

+ 
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Oscillation Effects of the Particle 

The particle will execute a small hop if: (a) sµrface ac.cele;i-atj,on 

downward is equal to or greater than the acceleration effects du.e to the 

earth's gravi"tiY field and, (b) the velocity of the surface !s up, In 

referring to T.ABIE III it is observed that particle hopping. can 'be 

initiated only when o< e <= 90. Mathematically the following eq,uations 

would apply for (a). 

.. ' . 

y = Acceleration due to earths g~avitational field and is 

385.728 in./sec. 2 'at Stillwater., OkleholI!B~ 

·Since 2Jlft = a, then: 

385.728 = (4112r2Asin0) cos a 

. .• 1(· ) . a = sill- · 'lj!~,728, 

. . 1Jl2i24 QOS a 

· a ;::;: Angular position at which .the parti~le commences hopping 

action. 

3 ... 7 

3 - 8 

Assuming zer(!) relative velocity between particle and surface, the 

absolute particle. velocity at the instant it leaves the surface. is: . 

V = 2IlfA cos -1 sin ) 3 ... 9 
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As the particle executes a hop, the surface may proceed through several 

complete cycles of motion. The particle will then impact the surface 

upon which another hop will occur when the condition in equation 3 - 8 

is met. From this idealized concept the distance traversed in the hori

zontal direction can be calculated for one hop. The time between 

successive hops can also be calculated. An average horizontal velocity 

of the particle gives an indication of the conveying rate and the number 

of tries for particle passage. As the average velocity decreases, the 

probability of passing would increase, if the surface were a screen. 

This is obtained at the expense of the conveying rate. Another theoret

ical index related to passage is the angle at which the particle inter

cepts the surface. If the particle approaches perpendicular to the 

surface magnitude of forward or back scatter would tend to be diminished, 

thereby enhanc:i.ng the possibility of passage. 

A Fortran program was written for the IBM 1620 computer to solve 

the analytical equations. Equations 3 - 4, 3 - 5, 3 - 6, 3 - 8, 3 - 9, 

and Newton 1s 2nd I.aw were utilized. Conditions were selected such that 

Reynold 1s number was varied as the Froude number was held constant and 

vice versa. 

Input to the program wasi 

1. Frequency (f) cps Initial - Final - Increment 

2. Amplitude (A) in. One value 

3. Alpha (a) deg. One value 

4. Increment (AINC) deg. An increment 

5. Increment (Bit) decimal A second increment 

The increments control accuracy of the solution. 
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Output was: 

1. Alpha (a) deg. 

2. Frequency (f) cps 

3. Amplitude (A) in. 

4. Maximum acceleration in the mechanism (G) 11 g1 s" 

5. Average horizontal velocity of particle (VEL) in./sec. 

6. Angle with respect to the vertical at which particle 

impacts surface. (I) deg. 

7. BEY == n7 x µ./Ne X P i< 12u 

8. FROUD = n9 x G/Ne 

The system was evaluated for the following range of conditions: 

1. Frequency, 20 - 50 cps 

2. Alpha, 35 - 65 deg. 

3. REY, 20 - 62 

4. FROUD, 22 - 70 

Evaluation of Theoretical Calculation 

The theoretical calculations are presented in Appendix A-I. 

Graphical analysis for some of the calculations is presented in Fig. 15, 

16, 17, and 18. 

Fig. 15 shows the relationship between the average hori:liontal 

velocity of a particle and screen velocity. Two unique features are 

revealed in this plot: (1) Horizontal particle velocity is a linear 

function of BEY (screen velocity) when FROUD is constant and, (2) the 

intercept angle (I) is a function of (a) and FROUD. Thus for a constant 

value of (a) and FROUD, the intercept angle does not change with changes 

in.BEY. Equation 3 - 8 provides an insight to these findings. The 
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product f 2A remains constant while fA increases, therefore the initial 

velocity of the particle increases linearly. This increases the hori

zontal velocity and the maximum particle height which results in a 

greater horizontal displacement and time for impact to occur. Drag 

effects will tend to dimish the theoretical velocities. Introducing a 

mass of particles will also tend to diminish the theoretical velocities. 

It is unlikely that a particle could follow the idealized trajectory 

without encountering other particles. 

Qualitative response of the system due to an increase in n7 is 

hypothesized as follows. Increasing n7 while holding all other pi terms 

constant requires that the feed rate Q be decreased in order to hold n8 

constant. This means that fewer particles must travel with greater 

horizontal velocity on the scpeen. The layering effect of particles 

would be decreased which should increase the response. The increased 

horizontal particle velocity would tend to distribute the,undersize 

particles further down the screen, thus lowering the response for the 

level of n11 selected. It appears that experimental observations are 

needed to determine the net response due to increasing n7• 

The horizontal velocity versus FROUD is shown in Fig. 16. REY -was 

held constant at 53.28. A feature not depicted on the graph is that the 

intercept angle varies for each point calculated. The general trend is 

an increasing (I) with an increase in (a). Since REY remained constant, 

the drag effect on the particle should remain constant. The plots 

appear to be a family of curves. Taking larger values of. the FROUD 

should cause the 65 deg. plot to break and assume some minimum value as 

do.the other curves. In Fig. 17, REY was held constant at 61.27. 

Qualitative response of the system due to an increase in n9 is 
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hypothesized as follows. Increasing n9 while holding all other pi terms 

constant requires that the feed rate Q be increased in order to hold n8 

constant. This means that a greater quantity of particles must travel 

at a horizontal velocity dependent on the values selected for n2 and n7• 

For example let REY= 53.28 and a= 65 deg., Fig. 16. As ll9 increases 

the horizontal particle velocity increases. The layering effect would 

be greater which would tend to lower the response, The increased 

velocity would distribute the particles further down the screen thus 

lowering the response for the level of n11 selected. The net effect 

would be a decrease in system response for an increase in n9• Now 

consider a= 45 deg. and REY= 61.27, Fig. 17. Here the horizontal 

velocity decreases initially with an increase in n9• This would tend 

to increase response, however the depth of material would increase and 

lower the :response. The net effect would have to be determined 

experimentally. At FROUD = 50, the horizontal velocity commences to 

increase and the response would be as described for a= 65 deg. and 

REY= 53.~8. 

For two levels of FROUD 24.00 and 41.40, the intercept angle (I) 

versus the angle (a) at which motion is imparted to the horizontal 

screen is shown in Fig. 18. As might be expected, ·(I) increases with 

(a). Changes in the intercept angle will alter the scattering effects 

previously described. 

Maximum acceleration in the mechanism was used in design of the 

apparatus. 

This theoretical analysis provides a general concept of system 

response to those parameters which can be treated mathematically. 
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CHAPTER IV 

APPARATUS AND EQUIPMENT 

Vibrating Screen Assembly 

Dynamics 

From the theoretical considerations developed in Chapter III the 

following conditions were ilnposedon the design of the v;i.brating scree~ 

assembly; 

1. The sqtµJre aperture wire screen must remain µorizontal while 

undergoing a complete displacement cycle. 

z. Motion imparted to the screen is simple ha:rmoniQ •. 

3. . The motion must be imparted to the screen at an angle a with 

respect to the vertical. 

In order to select a suitable mechanism to acM,.eve the above 

requirements a dynamic analysis was made. Fig. 19 represents a . 

follo-wer, member OB, and an eccentric driver, member c, roteting about 

point D. When a = o, the follower contacts the driver at A1 • When 

a = 00 , the follower qontacts the driver at A". As C rotates 'tbroqgh 

the angle 00 , follower OB.' rotates through the angle ¢. If e<.< L, then: 

Tim¢ e sin 0 
L + e (l-cos0) 4 - 1 
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Equation 4 - 1 is an approx~tion because the true point or contact is 

not A II but at some point slightly to the right of A 11 • Solving for ¢ 

yields: 

¢=Tan -1 ( e sine ·) 
L + e (1-cos' 0) 

Consider the point A on the follower OB. The displacement of this 

point along a circular patch for small¢ is: 

s = B¢ 

Then: 

s = R Tan . e sin e I 
-1 (. . 

· L + e (1-cos 

4 - 2 

4 - 3 

4-4 

Taking the. first ano. second derivatives of s with respect to 0 will give 

the velocity and ace1;1lert;1tion of point A along the path. Performing the 

differentiations and notin~ that 0 = 2Il~ yields: 

S = si§. ::. 2IlfeR (L cos0 + e cos0 - e) ~ 2 + 2e2 + ;2Le -
dt 

J-1 
2Le cos0 - 2e2cos~ 

. . 

S = in./sec. 

f = frequency of driver . (cps) 

e = offset of driver, in. 



... _ .. 

- 2 2 2 } s = u = _ ... _LJI........,.f-Re-..s.i...,.n--.e__,_(L;;,. ..... +_e...,.....,.. __ 

. dt2 . 2e2+12+2te - (2te+2e2) cos0 

2 2 . sn2r e R (L cos~+ e eos0 - el · (L s~ne + e sin0) 

[2e2 + L2 + 2Le . - (2Le + 2e 2) cos~ 2 

•• 2 
s = in./sec. 

To achieve true simple harmc;>nic motion, the displacement of the 

follower woµld be: 

s = !L e sin0 
L 

Differentiating twice yields the acceleration: 

:!. 2 2 
S = 411 f Re s in0 

L 
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4 - 6 

4 - 7 

4 - 8 

If equation 4 - 6 is not appreciably different · from equation 4 :.. 8, then 

a mechanism of the type shown in Fig. 19 will be acceptable for.use in 

the experimental work, 

For comparisons of equations 4 - 6 and 4 - 8 select the following 

extreme conditions: 

e = 0,050 in. 

R = 20.0 in. 

L,= 30.0 in;. 

f = 40 cps 

a= 90 deg. 
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Substituting these values into the two equations yield: 

•• . 2 
S = -3,152.65 in./sec. 4 - 6 

!!.. 
S = -3,158.27 in./sec. 2 4 - 8 

¢ < .167 deg. 

• 
!!. ... • 2 
S - S = 5.62 in./sec • 

% variation from simple harmonic motion ·is: 

x ;100 = 0.18 

If additional linkage is attached to the follower OB at point A (Fig. 19) 

and the entire system reoriented, the arrangement shown in Fig. 20 is 

obtained. Now 01A1 is constrained to follow OA an!i every point along 

the line AA I will experience the same displacement, velocity, and 

acceleration as point A in Fig. 19. et is defined as the angle at which 

motion is im~arted to the screen with respect to the vertical. If a is 

selected as 45 deg., then the link OA and 0 1A1 will are through an 

angle. 45 deg. ± .167 deg. under the extreme conditions which will result 

in a slight deviation from the desirE1d straight line path. A screen 

attached to AA' would experience the same motion as A and would remain 

horizontal as oscillation occured about the angle et. 

The acceptability of this linkage ultimately depends on the sensi-

tivity of the instrumentation for recording the motion parameters. 



Available were two± 5g linear accelerometers. One 11g11 is defined. as 

385.728 in./sec. 2 Also available was an oscillagraph for recording a 
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permanent trace of the acceleration-time curve. Mounting one accelero-

meter parallel to link AA' (Fig. 20) and the other one perpendicular to 

AA' will yield the 111 11 and 11Y11 components of acceleration. Considering 

the arcing effect previously calculated for ex;: 45 deg., sensitivity of 

recording system can be compared with difference existing between true 

straight line simple harmonic motion and approximated simple harmonic 

motion produced by the linkage shown in Fig. 20. 

Theoretical motion 

•• •• 0 2 
X = Y = 3,158.27 x cos 45 = 2,233.21 in./sec. 

Approximated motion 

•• 2 
Y = 3,152.65 x cos (45° + .167°) = 2,222.62 in./sec. 

X = 3,152.65 x sin (45° + .167°) = 2,235.86 in./sec.2 

2 
2,235.86 in./sec. 

384.7 in./sec.2/g 
= 6.06 g's 

Assuming the line.arrange of the recording system is not exceeded, 

the system response is: 

5g/25 lines of strip chart= .2g/line 

One can estimate to 1/2 line which is .1 g 

.1 g x 385.728 in./sec. 2 = 38.57 in./sec. 2 

If the variation between theoretical motion and approximated is 

less than 38.57 in./sec. 2 then it would be impossible to detect :Lt with 



the recording system. 

A' 

0 

;Fig. 20. Schematic. of ;Four-Bar Linkage. 

n ~ 2 
. Max.,diff. = X theoretical - Y approximate,= 10.59 in./sec. 

Since the difference is less than 38.57 in./sec.2 it appears that 

the linkage in Fig. 20 will be suitable for use in the experimental 

work. 

Mechanical Design 

A three dimensional schematic of the selected linkage is shown in 

Fig. 21. The follower assembly is held against the eccentric drive by 
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a tension spring with a variable preload adjustment. Alignment problems 

are minimized by using the cam-follower drive. To achieve µniform 

motion at all points in the screen requires that parallel relationships 

exist between 12, 1 '2 1 , 43, 4' 31 and 14, 1 '4 1 , 23, 2 13 1 • Self-aligning 

sealed ball bearings were bolted to a steel base plate at locations 



1, 1 1 , 4, and 4' to provide the pivot points for the linkage, Members 

111 and 44' were 20-in.-:t.ong 3/411 cold rolled shafts which rested in the 

ball bearings. Members 12, 22', 2 11' and 43, 33', 314' were made of 

steel tubing. F.ach frame was welded to form a bo:x .structure. At points 

2, 2 1 , J, and 3 1 self-aligning ball bearings were placed to provide the 

necessary support pivot points for the horizontal frame 2 1233'. The. 

horizontal frame had provisions for adjusting the lengths 2.3 and 2 131 

after assembly to perm.it proper alignment of the entire linkage. The 

actual linkage with attached screen is shown in Fig. 22. Note the holes 

in the ends of the shafts whio.h would correspond to 2 and 3 in .Fig. 21. 

Holes were also bored at 1, 11, 2 1 , 3 1 , 4, and 41 • These holes were 

bored in the shafts with a lathe prior to frame assembly. A. gauging 

link having pins which fit snugly into the bored holes was devised to 

assist in establishing equal lengths (.36 in.) between points 14, 23, 

213 1 and 1 14 1 • A spacing of 20 in. was used between 12, 1 1 2 1 , 43, and 

413 1 • After parallel l'elationships were established between the links, 

a piece of steel tubing was bolted to the horizontal frame along 23 and 

2 131 to increase rigidity. The screen was then attached to the bolted 

tubing. 
. . 

The steel biu1e plate was b.olted to three substantial I beam 

pedestals which in turn were anchored at twelve locations to a concrete 

test floor. 

A schematic of the driver assembly .is shown in Fig. 23. Pulley A 

was keyed to the shaft of a 1/2 HP DC electric motor and pul~ey B was 

keyed to the eccentric driver shaft. These pulleys are visible in 

Fig. 22. A 3/8 in. pitch Worthington positive drive was used and speed 

ratio from motor to eccentric driver shaft was 1:1.88. Detail of the 
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eccentric is shown in Fig. 24. The inside piece of the eccentric was 

press fitted on the driver sha~ and then secured with set screws. The 

outside mating piece was rotated with respect to the inside member to 

achieve the desired offset. •rwo set screws were used to secure the 

outside member to the inside~ Eccentricity could be varied from 0.004 

ine to approximately 0.150 in. A precision radial ball bearing was 

press fitted on the outside member of the eccentric. The outer race of 

the bearing was in contact with a wear plate attached to the follower 

(oscillating linkage). This arrangement minimized movement between 

driver and f'ollower. 

J 
t./ 

I 

Fig. 21. Three Dimensional Schematic of the Four
Bar Linkage. 

Framework for the driver was integral with the I beam floor 

pedestals. A tension spring with natural frequency above the operating 
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Fi g . 22. Vibrati ng Linkage Assembly. 



range held the follower agaj_nst the driver. 

T;cA 0 ,0 ~7<er 

8 S,,l)e;.f-e:1le:),r 

f 1-f P ,o,c., 

Elec/-r/'c.. 
rr.01-~r 

Fig, SchEomatic of the Driver Assernblyo 

Figo 24. Schematic: of Eccentric. 
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Screen Assemblies 

Eight screens were required for the e'.?{perimental work. Square mesh 

steel wire cloth screen with a double crimp weave was used. Screens 

were 6 in. wide and 27 in. long. A~er evaluating preliminary experi

mental tests, the width was reduced to approximately 3 in. by inserting 

special sheet metal guide strips. The screens are pictured in Chapter 

V. Right angle strips of 20-gauge sheet metal were formed into upper 

and lower halves. The halves were bolted together with the screen in 

between. The bolted assembly was attached to angle iron supports whlch 

were bolted to the horizontal frame 233 12, Fig. 21 and Fig. 22. 

Divider 

A divider constructed from 28-gauge sheet metal was mounted below 

the screen to divert material passing through the screen into equal 

length increments dow the screen. Fig. 25 shows the divider. Twenty

seven one in. increments were used, thus the material passing through 

each inch of screen length was collected separately. The last incre

ment was 2 in. It collected material discharged off the screen. 

The divider was mounted on horizontal members of a stationary four

bar linkage. The horizontal members were located approximately four in. 

below the screen and are visible in Fig. 22. This linkage will here

af~er be called the accessory carriage. The accessory carriage was 

isolated from the mountings for the oscillating components to eliminate 

unwanted vibrations. The carriage could be repositioned as needed when 

the angle er was changed on the vibrating screen. 
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Fig. 25. Divider. 
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Sampling Tray 

A drawer-type sampling tray rested in a slide below the divider., 

The slide was attached to the accessory carriage. In the tray were two 

rows of plastic cups for catching twenty-seven fractions of material, 

Volume of each cup was 10.7 in.3 A metal container caught the dis

charge off the screen. The sampling tray is shown in Fig. 26. After 

inserting the tray logitudinally in the slide~ movement perpendicular 

to the screen length could be obtained. This allowed positioning the 

sampling tray so that material discharging from the divider would not 

fall into the p.lastic cups. Moving the tray to another position 

directed the discharge into the plastic cups and metal container. Thus, 

a steady state flow condition was reached before a sample was drawn. 

Rubber flaps were fastened to three sides of the tray to prevent parti

cles from bouncing out. 

Metering Dev ices 

Particulate material used in the experimental work was limited to 

two size classes 9 imdersize particles and o·versize particles.. The 

majority of the e.xperimenta.l work involved use of only undersize parti

cles. Undersize partfoles were metered onto the head end of the screen 

with the vibratory feeder shown in Fig. 27. A small storage bin and 

fill1Ilel were positioned above the vibrating deck. Two adjustments were 

availa.ble for ·varying the feed rate. Change in clearance bet.ween the 

funnel and deck was obtained with a screw adjustment. A potentiometer 

was used to adjust the amplitude of the vibrating tray. The feeder and 

a voltmeter set on a pJywood deck which was bolted to the accessory 
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Fig. 26. Samplinc Tr ay and Cups. 
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Fi~. Zl. Vibrat•rv Feeder for Undersize Particles . 
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carriage. A control box housing the potentiometer was placed below the 

voltmeter and was supported by the accessory carriage. 

Some of the experimental work required introducing undersize and 

oversize particles simultaneously to the screen. This was achieved by 

using the arrangement shown in Fig. 28. A second metering device for 

the oversize particles was positioned above the entrance to the head end 

of the screen. Flow was varied by changing the size of the discharge 

aperture. Bridging was minimized by placing a 1/4 in •. diamet.er 1;3ha;f't 

near the aperture. The shaft, was connected with a slight offset to a 

small high speed electric motor. Sufficient vibration was induced to 

permit a uniform flow. Plexiglass was put in one el'.].d of the small 

storage bin and the oversize particles are visible in Fig. 28 •. The 

individual metering devices permitted independent control of feed rate 

of undersize and oversize particles. Both size classes were thoroughly 

mixed before entering the screening area. 

Measurement of Particle Characteristics 

Size classes of undersize particles were produced with a roll 

grader. The grader consists of two slightly inclined parallel rotating 

rolls. The spacing between the rolls increased in 0.010 in •. steps down 

the incline. Initial roll spacing could be varied. A schematic is 

shown in Fig. 29. A collector under each "step11 caught the sized 

particles. The rolls turned in opposite sense as indicated on the 

schematic. This .facilitated conveying and prevented wedging of parti

cles in the rolls .. A Graham Variable Speed Drive powered the rolls. 

The vibratory feeder shown in Fig. 27 was used to meter material onto 

the rolls. 
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¥lg. 28. Feeders for Oversize and Undersize Particles. 



Fig. 29. Schematic of Roll Grader. 

Particle length measurements were Iru:1de with a micrometer and a 

Wilder Model A Optical Comparator. The comparator projected an. image 

of the particle magnified twenty times on a calibrated grid. 

Volume of a known mass of particles was determined by placing the 
,. 
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mass in a volume measuring manometer {Fig~ .30). Compressing the bellows 

with the hand crank, forces air out into the manometer raising the 

mercury level. The apparatus is calibrated by placing known volumes in 

the chamber and observing the mercury level difference. Mass and 

volume of particle were used to calculate material density. 

Instrumentation 

For the experimental work measurement an~/or control of the 

following parameters were required: 

lo Frequency of oscillation 

2. Amplitude of oscillation 

3. Sampling time 

... 
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4. Voltage of vibratory feeder 

5. Acceleration components 

6. Mas s 

crc;/ik 

\ I 
I 

Be. I lo'-" 5 _____. --~·' ·'/~/ 
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Re1>10 11c,/>/e ~ 

• 
Fi.g o JO o V c· 1·J.me Measuring Ma nomst er . 

A Hewlett-·Pa ckard Model 508A tachom2t.er generator and Model 521.A 

electroni c counter were useQ t o measure frequency . The tachometer 

generator was con;ected to the eccentr ic:! driver shaft , Fig. 23 with a 

flexible connector. The 508A produces 60 counts for ea ch revolution 

of its drive shaft. Useful shaft speed range is from approxima tely 15 
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RPM to L1-0,1 000 RPM. The output ·voltage from the transducer is a linear 

function of shaft speed. Counts produced by the generator were fed into 

the 521A counter. With the gate selector s-witch in the 1 SEC. position 

the number of electrical events occurring during an accurate one second 

interval were COl.L."'lted and displayed across the front panel to an accuracy 

of ± 1 cycle. .Approximately e11En'y ten :seconds a new count was displayed. 

Satisfactory speed control was achieved with a Master shunt wound 

1/2 HP direct cu.rrent motor and a Minarik Mode1 SH-56EFB motor speed 

controL The SH··56EF'B com,;erts AC line voltage to DC. Motor speed 

(90-1725 RPM) ·was controlled by a variable autotransformer supplying 

voltage to the armature rectifiers. 

A Schaevitz model 1000 S-L linear variable differential trans-

former was used to metrnure disp1acement of the vibrating screen. 

Tr:c.msformer housing was held. by an adjustable bracket which was C·-

The core was secured to 

the vibrating linkage and oriented perpendicular to OA (Fig. 20 and 22). 

Excitation ·v to d:LfTerential transformer was supp1iE:d by 

a Daytronic Mode1 1+00 A dif.'f'erent::usl transfo:nner implifier. Output 

·voltage of the 1000 S···L w1:1s demodulated and filtered by the 400A. The 

demodulated and filtered signal wss fed into a Dmnont Type 401.A 

oscilloscope and a Brush Mark II Recorder" The osc::Ll.loscope gave a 

trace of d:l.spla 

The disp11"cement wr,rn cr1.l.ibrated by placing lt in a stand and 

displacing the core a known dist2nee and then adjustlng amplifier gain 

as desiredo 

Sampling time was recorded ·with the timer on a Standard Model SG-6 
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Chrono-Tachometer. Moving the sampling tray to the sampling position 

actuated a normally open micro switcho This switch started the timer. 

Moving the tray to the non-sampling position stopped the timer. Smallest 

time increment which could accurately be read from the dial was .06 sec. 

Two CEC (Consolidated Electrodynamics Corporation) 1ype 4-202-0012 

strain gauge accelerometers were oriented at right angles on a tria:xial 

mounting bracket •. This bracket was attached to the horizontal member of 

the vibrating linkage (Fig. 22) so that vertical and horizontal compon

ents of acceleration were sensed. Excitation of the accelerometers and 

subsequent recording of acceleration components on a permanent trace 

were achieved with a Sanborn Model 321 Duel Channel Carrier-Ampllfier 

Recorder. 

The vibratory feeder for metering undersize particles is quite 

sensitive to changes in line voltage. To minimize the effects of 

f'lu.:xueting voltage, a Stabiline Automatic Voltage Regulator, Type IE 

51005 was installed between the AC source and the vibratory feeder 

control box. Leads :from the feeder control box (potentiometer) output · 

were connected to a Heathkit Model V-'7A vacuum tube voltmeter (Fig. 27). 

Thus, the voltage to the feeder could be adjusted as needed. 

Balance seal.es were used for weighing all samp.les. :VJ.ass to the 

nearest 0.1 gram could be det.ectedo 



CHAPTER V 

Ex;PERIMENTAL PROCEDURE 

Experimental Design 

The pi terms were formulated in Chapter III. In order to restrict 

the study n3, n4, n5, lll2, ll , ll , and ll were held constant. The 
13 15 16 

dependent variable was ll1. Independent variables wel'.e n2, n6, n7,_ n8, 

n9, ll10, U11, and n14, These pi terms are dimensionless and independent 

as set forth by the Buckingham Pi Theorem. 

One of the objectives in this study was to develop a prediction 

equation for passing undersize particles through the epertures. The 

gene:ral form was ill = f. (ll2, U6, n7, llg, n9, n10, n11). Due to the 

large number of independent variables under ;investigation, the experi-

mental schedule suggested by Murphy (24) was used. One pi term was 

varied while the othersw1;3re held constant. Compon,ent equations were 

developed using the least squares method. The mathematical form of the 

component equations suggested the fa.rm for the prediction equation. 

Then the least squares method was used to formulate the .prediction 

equation~ The experimental schedule is shown in TABLE IV. 

A second part of the experimental work consisted of mixing under- · 

size and oversize particles in varying proportions. The experimental 

schedule is. shown in TABLE V. 
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TABIE IV 

UPERIMniTAL SCHEDUIE PART I 

ll1 ll2 Il6 ll7 ns n9 I1 nu 10 
35° 

Observed 45° .4705 3.77 o.86 0.05 21.25 .5788 
Response 55° 

f,c,O 

45° 
.1904 
.3214 3.77 0.86 0.05 21.25 .5788 
.4705 
- ???8 

3.35 
45° .4705 3.77 o.86 0.05 21.25 .5788 

I 4.85 
I ,; - 1 i:; 

I 
I .31 
I --0 

I : * 45 .4705 3.77 0.05 21.25 .5788 
I -
I I - 1 26 I 

.029 

45° 
.OJ8 

.4705 

I 
J.77 0.86 - .050 21.25 .5788 

.056 

.070 
I ' 14.16 

0 

I 
21.25 

45 .4705 J.77 0.86 0.05 28.J3 .5788 
35.41 
/. ? / .Q 

I 45° 
.4315 

.4705 I J.77 o.86 0.05 21.25 .5072 
I - - -
I 

1 1 1 i r I I :~~~; 
*7 levels were run for each replicatic 00 

0 



TABLE V 

EXPERIMENTAL SCHEDULE PAR')? II 

Observed 

Response 

Value of pi terms held constant: 

n = 45 .2 

n6 = .4705 

· n = 3. 77 . 7 . 

n8 = o.86 

119 = 0.05 

ll10 • 21.25 

Il11 = .5788 

· *A total of 16 tests were run 

n 
14 

0.1270 

-* 

o.6631 

n3 = 1,223,844 

ll4 = 1.435 

n5 = o.sso 

·ll12 = 2.455 

ll13 = 0.998 

n15 = o •. 954 

II16 = 1,421 

Randomization Procedure for Pi Terms 

Randomization procedure o~ the experimental schedule in TABLE IV 

$1 

was developed in accordance with adjustment features in the test equip-

ment. In theory it would have been desirable to completely randomize 

the pi terms ·and their respective levels. Practical considerations did 

not perm.it this. 
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The pi terms were run in the order listed ;in TABLE VI. The response 

due to n10 was obtained from the same set of observations as n7• Each 

level within each pi term was replicated three times. Levels and 

replications were completely randomized for n7, n8, n9, amd n10• Levels 

were randomized, but not replications for n2, n6, amd ll11• 

TABLE vr 

ORDER IN WHICH PI TERMS WERE INVESTIGATED 

Order Pi Term 

1 n 8 

2 n 9 

3 117 & UlO 

4 n6 

5 ll1i 

6 n 2 

For the schedule in TABLE V, n14 was varied by varying Q0 • · Since 

feed rate for Q0 varied appreciably from run to run for the same gate 

setting, an unequal number of replications were run for each gate 

setting. This is listed in TABLE VII. 

Procedure Used in Conducting a Test 

A procedure was developed.to insure consistency in recording the 



observations necessary to evaluate the pi terms for each test. The 

.precise order is listed below: 

1. Adjust eccentricity to desired level. 

8.3 

2. Turn on d.c, electric drive motor and allow speed to stabilize • 

.3. Adjust motor speed to desired level. 

4. Record dynamic displacement of oscillating screen on Brush 

Recorder. 

5. If displacement does not agree with test schedule, stop mot9r 

and readjust eccentricity, then proceed to step 2. If dis

placement is correct proceed to step 6. 

6. Record horizontal and vertical components of acceleration, 

Identify traces. 

7. Record total displacement in inches on the data sheet. 

8. Adjust voltage on the vibratory feeder to the desired level. 

9. If ll14'f O proceed to step 10. If n14::: 0 proceed to step 11.· 

10. Adjust gate stop as required on oversize particle feeder, 

11. Visually check to see if frequency is at proper level. If 

not, !:idjust ac.cordingly. 

12. Energize power switch on Standard Chrono-Taohometer (clock-

timer). 

1.3. Turn on vibratory feeder. 

14. If n14 # 0 proceed to step 15. If ll14::: 0 proceed tq step 16, 

15. Turn on oversize particle feeder. 

lq. When steady state flow condition is reached, slide sampling 

tray into sampling positioq. 

17. When leading cups become .3/4 full, retract sampling tray to 

previous position, 
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18. Observe displayed frequency (RPM) and record on data sheet, 

19. Turn off vibratory feeder. 

20. If n14 f O proceed to step 21. If n14 = O proceed to step 22. 

21. Turn off oversize particle feeder. 

22. Count and record on data sheet the number of apertures blocked 

by seeds. 

23. Turn off power switch on timer. 

24. Record sampling time on data sheet. 

25. Reduce motor drive speed to "idle." 

26. Remove sampling tray and place on nearby table. 

27. Weigh amount collected in each cup and record on data sheet. 

28. If n14 f O proceed to step 29. I.f n14 = 0 proceed to step .30. 

29. Separate oversize and undersize particles a11,d weigh both 

fractiansj then record on data sheet. 

JO. Calculate flow rate using slide rule. If rate is not in pre-

determined range, test is invalid. 

31. Empty tray, replace cups, and insert tray under divider. 

Place in non-sampling position. 

32. Adjust rubbe~ flaps on tray so that particles can not boqnce 

out. 

33. Recheck sampling time and set clock to zero. 

Procedure for Evaluating Individual Elements 
in the Experimental Design 

Evaluation of the.dimensionless ratios required measurement of. 

some of the individual elements in the ratios. Careful consideration 

was given in selecting the value of the ratios for n6 and n11• This 
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entailed selecting a suitable material for undersize and oversize parti-

cles and then selecting an acceptable set of screens to meet the require-

ments. 

TABLE VII 

. REPLICATING SCHEDULE FOR PART II 

ll14 level Gate Setting ,No. of~Replications 
in. 

1 1/2 4· 

2 5/8 2. 

3 11/16 2 

4 J/4 4 

5 13/16 l 

6 1 3 

For undersize particles a geometrical shape other than a sph~re 

seemed desirable from the standpoint of stability. Placin~ a sphere on 

a horizontal vibrating screen could induce unwanted rolling of the 

particle. Grain sorghum appeared to possess the desired stability. 

Its three characteristic dimensions occur in the approximate ratio of 

1:1.4:1.7. Two samples of grain sorghUtn were obtained and individually 

processed in the roll grader. Sample size was about 75 lbm. (pounds 

mass). Sufficient material was drawn at random from each sample to 

determine the size,distribution for each sample. Then the four size 
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classes having the highest yield in each sample were further analyzed. 

Ten seeds were selected at random from each size class and three length 

measurements were made on each seed with a micrometer. Mean lengths and 

variances were calculated for each size. Thus, eight different size 

classes were available from which one could be selected for the test 

work. 

Selection of one size class from the eight that were constructed 

was determined by the availability of commercial screens. Tyler 

Specifications Tables for woven wire screen were consulted. From these 

tables a set of screens were found which would meet the conditions 

imposed by ll6 and ll11· This set is shown in TABLE VIII. A manufac~ 

turer.was then located who supplied them as stock items. 

TABLE VIII· 

SPECIFICATIONS FOR WOVEN WIRE SCREEN 

Identity Mesh Wire Aperture n6 Il11 
Openings/in. Diameter Size 

in. in. 

l 3 0.105 0.228 0.46 0.44 
2 3 1/2 0.092 0.194 0.47 0.51 
3 4 0.080 0.170 0.47 0.59 
4 5 0.063 0.137 0.46 0.73 
5 6 0.054 00113 0.48 o.88 

6 3 1/2 0.120 0.166 0.72 0.60 
7 4 1/2 0.054 0.168 ·0.32 0.59 
8 5 0.032 0.168 0.19 0.59 



Numerical values of n6 and n11 in TABLE IV are slightly different 

than in TABLE VIII. The size class of material used in establishing 

TABLE VIII was later processed in the roll grader a second time to 

increase the uniformity of the material. At this stage approximately 

3 1/4 gallon13 of test material were available. After that the grain 
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sorghum. was visually inspected in small quantities for presence of 

cracked seeds. These cracked seeds were removed with tweezers. This 

operation reduced the quantity of experimental material by about 2%. 

Twenty-five seeds were selected at random from the experimental material 

and the three characteristic lengths were determined. The minimum 

dimension, flat side of seed, was measured with a micrometer. The 

.intermediate and maximum dimensions were determined by placing the seed 

on its flat side under the optical comparator. From these twenty-five 

_observations mean values for the lengths were used in the relevant 

calculations for TABLE IV. 

Screen dimensions as specified by the manufacturer were used in the 

pi terms affected. Note in TABLE VIII that each screen has an identity 

number. 'Ihe eight screens are shown in Fig. 31, 32, and J3. Upon 

completi:ng the exper;i..mental schedule. in TABLE IV, a 2 in. piece was 

removed 10 in. from the head end of screen No. 3. This screen was used 

in the experimental schedule as outlined in TABLE V. Removal of the 

section allowed the oversize particles to discharge relatively soon 

which resulted in a more precise measurement of oversize particle flow 

rate. Nearly all undersize particles had passed through the aperture 

before reaching the discharge point. 

Plastic balls were selected as the oversize particles. Nominal 

diameter was 1/4 in. The balls were a pale green which made it easy to 



88 

distinguish them from the dark colored grain sorghum •. · i'wenty-five balls 

were drawn at random from the one gallon sample and two length measure

ments were made on each ball with the optical comparator. In the experi

mental work the two size classes were thoroughly mixed prior to enter-· 

ing the screening area. · The resulting mixture flowed uniformly down the 

screen. The experimental materials are shown in Fig. 34. Grain sorghum 

is on the le~ and plastic balls on the right. 

The vibratory feeder, Fig. 27, was calibrated prior to running the 

experiment. A graph of voltage setting versus feed rate in lbm./sec. 

was obtained. Seventeen levels of voltage were replicated three times. 

The 51 runs were completely randomized, Prior to each run the grain 

sorghum was thoroughly mixed before filling the hopper. · Thus all of 

the experimental material was ~ed at some time during the calibration 

test. It was observed that the calibration curve wouid shift slightly 

from day to day. To determine the amount of shift, about ten samples. 

were run each morning prior to conducting ·the main test work. 

An attempt was made to calibrate the feeder for the plastic balls. 

Although uniform flow was achieved for each run, v13riation in feed 

rate from run to run was appreciable. In view of this a minimum gate 

setting of 1/2 in. and a maximum of 1 in. was established. Variation in 

feed rate of over.size particles from run to r.un was not detrim.ental 

since it ~s reflected in the independent variable being investigated, 

The volume measuring manometer was calibrated by using 17 known 

volumes replicated three times. A graph, volume (in. 3) versus Hg 

differential (mm) was made, 
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Fig. 31. Screen Assemblies. 
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Fig. 32. Screen Assembly. 
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Fig. 33. Screen Assemblies. 



Fig. 34. Undersize and Oversize Farticles. 
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Density of grain sorghum and plastic balls was determined by 

weighing and measuring the volume of six samples of each material.. The 

materials were thoroughly mixed before drawing the sample. 

The linear variable differential transformer was calibrated by 

placing it in a small test stando The core was attached to a point 

gauge. Gain on the amplifier was adjusted so that either .002 in, per 

chart line or .005 in. per chart line could be achieved. At the end of 

each day a displacement trace was run at about 2 cps. The following 

morning another trace was run under the same conditions and the two 

were compared. If they did not agree the coil was recalibrated in the 

test stand. Over a period of six weeks 1 two recalibrations were 

necessary. About every seven days the coil was placed in the test stand 

and the calibration checked as an additional precaution. 

Preliminary tests gave indication that the two accelerometers did 

not respond the same under like conditions. To determine where the 

difference occured 9 each accelerometer was checked against a test 

accelerometer in the Mechanical Engineering Laboratories. 

The accelerometers were calibrated under static conditions. 

Accelerometer #3138 was connected to the left channel of the Sanborn 

Recorder and #3132 was connected to the right channel. #3138 sensed 

horizontal acceleration and 113132 sensed vertical acceleration. With 

accelerometers oriented as shown in Fig. 22, reference lines of zero 

output were estab1ished on the strip cl:u:irt. Each accelerometer was 

rotated 90 deg. This induced a strain equal to one g of acceleration. 

Gains on the amplifiers were then adjusted to the desired levels. One 

should note that this calibration procedure is good only for the 

coridition, G = 1. 
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Screen motion was evaluated prior to doing the experimental work 

and additional evaluation was made during the tests. Evaluation under 

static and dynamic conditions was made., 

Four points for sampling screen motion were located and identifi~d 

as shown in Fig. 35. In Fig. 22 the accelerometers and displacement coil 

are mounted at location 4. 

~---
~ 

+ 
D 

I F/oUJ - -SC.~ 

---+- + 
'f 3 u-

Fig. 35. Four locations for Sampling Screen Motion. 

Static response was e'valuated by setting the eccentric at four 

levels and recording the total vertical displacement at the four 

sampltng locations. An Ames Dial Indicator was used to determine the 

displacement to the nearest .0005 in. Three replications were run for 

each dial setting. The 12 tests were completely randomized. 

Dynamic response was evaluated by measuring frequency, displacement, 

and acceleration components. Inertia forces resulted in member deflec-

tion which induced displacements appreciably above those obtained for 

static settingse Therefore it was necessary to run frequency-displace-



ment curves for the various eccentricity settings. From these curves 

suitable combinations of frequency and displacement were obtained to 

achieve the levels of n7 and n9 as required in the experimental 

schedule. Numerical values·''of acceleration components did not enter 
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into any of the pi terms. However they were useful in evaluating screen 

motion before and after linkage adjustments and frame modifications. 

Acceleration traces were recorded for all formal tests. 

A majority of the experimental work was conducted at a frequency of 

28.5 cps and amplitude of .024 in. (n7 = 3.78, n9 = .05)~ For this 

frequencr and amplitude, acceleration components and amplitudes were 

recorded at the four sampling locations. 



CHAPTER VI 

PRESENTATION AND ANALYSIS OF DATA 

Date Relevant to Un:dersize and Oversize· Particles 

Arter preparing the undersize material as described in Chapter V, 

twenty-five seeds were drawn at random and three lenetq measurements 

were made.. Results of these measurements are shown in TABLE IX. 

Dimensions of each seed are presented in Appendix B-I. 

TABLE IX 

DIMENSIONS OF UNDERSIZE PA~TICIES 

Length . Mean Value Standard Deviation 
in. of Mean 

in. 

l1u 0.1661 0.0107 

12u 0.1412 0.0,077 

1Ju 0.0984 0.0020 

An F test at the .5% level indicated that the variance of 13u was 

significantly smaller than the variance of llu or l2u• . This was 

expected since the ·roll grader classified particles based on. their 

96 
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minimum. dimension. 

Commercial plastic balls were used as the oversize particles in the 

study. To assess their sphericity, twenty-five balls were selected at 

random and two length measurements were made. The lengths were perpen-

dicular to each other and in the same plane. Results of these measure-

ments are shown in TABLE X. Dimensions for each ball are presented in 

Appendix B-II. Mean values for all length measurements were used in 

calculating pi terms. 

TABLE X 

DIMENSIONS OF OVERSIZE PARTICLES 

Length Mean Value Standard Deviation 
in. of Mean 

in. 

110 0 .. 2420 0.0040 

l20 0.2416 0.0037 

The volume measuring manometer was cal;tbrated prior to evaluating 

the density of the undersize and o·versize particles. The calibration 

curve is presented in Appendix D-I. 

Measurements made and u,sed in calculating density of particles are 

presented in Appendix B-III. Mean density of the undersize particles 

was 50.3 x 10-3 lbm./i.n} Standard deviation of the mea'n was .0014. 

Mean density of the oversize particles was 48.0 x 10-3• Stander~ 



deviation of the mean was .0003. 

The calibration curve for the vibratory feeder is presented in 

Appendix D-II. 

Data Relevant to 'W:tre Screens 

Initial screen width was 6 in. Preliminary tests indicated that 

reducing the width would achieve greater oompatability between screen 

capacity and vibratory feeder capacity. Each screen width ·was reduced 

to approximately 3 in. Guide strips were positioned so that each 

screen width was a whole number of apertures. Width of each screen is 

shown in TABIE XI, Wire diameter and aperture for each screen es 

TABIE XI 

WIDTH OF TEST SCREENS 

Identity .Width/in •. 

1 2.8125 

2 3.0000 

3 2.9375 

4 2.8750 . 

5 2.6667 

6 2 •. 8130 

7 2.9375 

8 2.7500 
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spec:ifiedby. the manufacturer were used in calculating. the relevant pi 

terms. An indication of the deviation from .the manufacturer specifics-

tions was obtained by measuring wir~ diameter and aperture size at 

three r~ndom locations for each.screen size used~ Mean values and 

specifications (nominal) are given in TABI.E XII. 

TABLE XII 

EVALUATION OF SCREEN DIMENSIONS 

Wire Diameter . Aperture Diameter Aperture . 
Idep.tity (mean) (mean) Nom:inal Nominal 

il'l.. in. in. in • 

1 .1043 .2380 x .2253 .105 . • 228 

2 .0917 .1957 :x .1837 .092 .194 

3 .0803 .1740 x .1690 .080 .170 

4 .0627 .1373 x .1413 .06.3 .137 

5 .0543 .1110 x .• 1097 .054 .11.3 

6 .1190 .1690 x .1677 .120 .166 

7 ,0533 • 1713 x .1757 .054 .168 . 

8 .0317 .1640 x .1677 .032 .168 

.Analysis of Screen Motion 

Theoretical values were calculated for frequency and amplitude 

in Chapter III. Particles were vigorously ejected from the screen onto 

the floor when the lower values for frequency and amplitude were used. 
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Therefore it was.necessary to determine a range of sma.J,.ler valuE!s for 

frequency and amplitude. Minimum and maximum values_. of the Froude 

number were established experimentally. Intermediate values were picked 

whiQh were compatible with acceptable performance of the vibrating 

screen. 

The vibrating screen had two regions of undesirable motion. At 

25 cps some cross motion was present. Installation of '3dditional braces 

on the framework minimized the fJffect, but no test.conditions were 

selected using 25 cps. The fundamental natural frequency for the 

vibrating linkage occured at 35 cps. Thus a resonance condition was 

encountered at this frequency. By quickly accelerating through t~e 

natural frequency, the screen could be operated at 40 cps. By modifying 

certain elements in the linkage, the natural frequency was raised from 

about 31 cps to 35 cps. 

Frequencies and amplitu~es which. were selected and used are presented 

. in TABLE XIII. Each combination of frequency and amplitude was assignee). 

an identity number. Referral to motion parameters hereafter wi1.1 be, 

motion X, where X corresponds to the identity number. 

Static response as described in Chapter V was used to check the 

uniform;i.ty of surface displacement for different eccentricities (dial 

settings) after final adjustments were made, Results of these test,s 

are presented in TABIE XIV. It was concluded that a satisfactory 

adjustment of the linkage had been achieved. 

The two accelerometers were checked against a test accelerometer in 

the Mechanical Engineering Lsboratory. It was found that accelerometer 

#3138 cons;i.stently gave an output which was lower than the input it was 

sensing. Output of #3132 corresponded to the known input. A correction 



. faotor depending on frequency was applied to all readings taken with 

#3138. Results of these checks are presente4 in Appenqix B~V. 

TABLE XIII 

MOTION PARAMETERS USED IN EXPERIMENTAL WORK 

Identity Frequemcy Amplitude n .· n 
7 . 9 

Cpf!! 

2 32.0 .019 3.36 .050 

3 28.5 .024 3.78 .050 

4 22.0 .040 4.86 .050 

5 20.7 . .045 5.15 ,050 

6 16.9 .040 3.77 .029 

7 22.0 .031. 3.77 . • 03$ 

J 28.5 .024 . 3.78 .050 

8 33.0 .020 3.64 .056 

9 40.0 ,017 3,76 .070 

.Acceleration. components and displacements were measured at the 
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four locations previously defined in Fig. 35 •• These observations were 
. . . . . . . . 

made at a frequency of 28.5 cps and .• 024 in. amplitude, motion 3, The 

rnejority of experimental work was conducted using motion 3. Results of 

the observations are given in TABLE XV. Note that the "dynamic!' 

amplitude at 28.5 cps was more than twice th~ 11static 11 amplitude which 

was measured at a frequency less than one cps. There was evidence to 

-.,.,• 

-,,,.$' 
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believe that inertia forces in the linkage members induced displacements 

above the design values. Variations in acceleration components are noted 

at the four locations. Determining the exact cause of these differences 

is most difficult. Variations in member deflections plus some resonances 

would effect the acceleration response significantly. 

TABLE XIV 

UNIFORMITY EVALUATION OF SURFACE DISPLACEMENT 

Dial Vertical Displacement of Soreen (in.) 
Setting Location 1 Location 2· Location 3 Location 4 

25 ~0220 .0220 .0220 .0220 
25 .0220· .0220 .0220 ,0220 
25 .0220 .0220 .022_0 .0215 

30 .0155 .0150 .0155 .0155 
30 .0150 .0150 .0150 .0155 
JO .0150 .0155 .0155 .0150 

35 .0095 .0095 .0100 .0100 
35 .0095 .,.OlQO ~0100 .0095 
35 .0090 .0090 .0095 .0095 

40. .0045 .0045 .0045 ·.0045 
40 .0050 .0050 .0050 · .0050 
40 .0045 .0050 .0050 .0045 

If simple harmonic motion were achieved, each. location would have 

an amplitude of .024 in. Since a was 45 deg., the horizontal and 

vertical components of acceleration would be equal and have a _peak valu~ 

of 1.414 g's. The observed motion does meet the frequency and amplitude 

requirements for simple harmonic motion but deviates for the accelera-

tion components. Observed motion was considered as approximated simple 

harmonic motion. 
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Acceleration components were measured for each set of motion para~_ 

meters used and results are shown in TABIE XVI. All observed values of 

acceleration components were higher than the theoretical values for 

simple harmonic motion as mentioned previously, deflection of members 

and resonance would increase these peak accelerations. 

TABIE IV 

DYNAMIC RESPONSE OF VIBRATING SURFACE AT FOUR I,DCATIONS 
0 

a= 45 

Location · "Static" 
Amplttude 

in. 

1 0 •. 0110 

2 0.0105 

3 0.0105 

4 0.0110 

*Corrected· values 

"Dynamic" 
Amplitude 

in. 

0.024 

0.022 

0.022 

0.025 

f :i: 28.5 cps 

X·Acceleration: 
g's * 

1.85 

1.85 

1.64 

1.64 

Y-Acceleretion 
g's 

2.5 

.2.0 

2.2 

2.8 

Numerical Evaluation of the Independent Variables 

n2 =.a The measured value of the linkage angle in deg. 

ll6 = d/a was calculated by using the screen dimensions specified by the 

manufacturer. 

n7 = NepfA12u/µ. Constant values were used for Ne,. P, µ., and l2u• 



f and A were observed in the experiment. 

Ne= 1/385.7~8 lbf./lbm.in./sec.2 

12u = .1412 

-9 · I 2 ~air= 2.73 x 10 lb.-sec. in. 

Pair= 4.11 x 10-5 lbm./in.3 

Air conditions used 

Temp. 90°F 

R.H. 40% 

Barometer 29.92 in H~ 

Thus n7 = 4.11 x 10-5 x .1412 x f x a 

385.723 

2 
n8 = Q/pu :x f :x a 

Q = feed rate/screen width= lbm./sec.-in. 
' .. . -3 

p = Mean value of six obs~rvations = 50.3 x 10 u ' . ' ' 

f = Frequency observed in experiment 
' ' 

a= Aperture of screen as specified by the.mani,i,t'aoture 

' 2 I. 119 = Nef A,G 

2 
Ne= constant= 1/385.728 l~f./lbm.in./sec, 

G = Constant = 1 at earths . surface · 

f = Frequency observed in experiment 

· A = Amplitude observeq. in expel'iment 

104 
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s = observed in experiment 

12u = mean of. 25 observations= .1412 in. 

13u ~ mean of 25 observatioµs = .0984 in. 

a = aperture of fiCreen as specified by the manufacture 

Q0 = feed rate of oversi;e particles observed. in experiment per 

unit width of screen lbm,/sec .... in. · 

Q= feed rate of undersize particles observed in experiment per 

unit width of screen lbm./sec.-in. 

After the experimental work was completed a .Fortran program for the. 

IBM 1620Computer was written.to process the raw data. Data reborded 

for each test was entered on punch card1:1 and was used as input for the 

program, The raw datt:t collected is prese:nted in Appendix C-I. 4 

coding system. was used to 1,d.entify the data, A series of data pairs 

are preceded by a header card which was positioned on the·center of the 

page. The three numbers. listed are: 1. Number of obse:r;vations of the 

independent variable under cqnsideraM,on; 2. ·. Sampling .length down 

screen; 3. An .index called.KC·indicating which pi te;r:-m was the inde

pendent variable. KC assumed the values shown in TABIE XVII, Two rows 

forming one data pair were used for each test. The first row contains. 



TABLE XVI 

DYNAMIC RESPONSE OF VIBRATING SURFACE FOR TEST CONDITIONS 

Identity O! Frequency Amplitude Observed Observed Theoretica 1 Theoretical 
Deg. cps in. X-Acceleration - Y-Acceleration X-Acceleration Y-Acceleration 

g's g's g's g's 

2 45 32.0 .019 2.8 J.2. 1.4 - 1.4 

4 45 22.0 .040 2.0 2.2 1.4 1.4 

5 45 20.7 .045 2.~0 2.5 1.4 1.4 

6 45 16.9 .04-0 1.8 2.0 1.0 1.0 

7 45 22.0 _ .031 1.6 1.8 1.1 1.1 

8 45 33.0 .020 2.0 3.4 i..6 1.6 

9 . 45 40.0 .017 _2.9 5.2 2.0 2.0 

3 35 28.5 .024 1.4 2.8 1.1 1.6 

3 45 28.5 .024 1.8 . 2.4 1.4 1.4 

3 55 28-.5 • 024 2.,3 - 2.0 . 1.6. 1.1 

3 65 .28.5 .024 2.8 1.4 1.8 .85 

f-' 
0 
O' 
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eleven pieces of information. In order these.are: 1. Fartherest 

distance in inches down screen undetsized parti~lea advanced; 2, Width 

of screen in inches used in test; .3. Wire 'diameter of screen in inches; 

4~ Size of screen aperttll"e in inches;· 5. Speed of eccentric driver 

shaft in RPM; 6. Total screen displacement, 2 x amplitude in inches; 

7. Sampling time in minutes; 8. The angle a in degrees; 9. Weight· 

of oversize particles in grams; 10. .Pi terms which was the independent 

variable; 11. A folll' digit code, the first· two digits being the 

value for a, the third digit the motion identity, end the last digit 

was the screen identity number. The second row contained ten pieces of 

information. These were the accumulated weights (grains) of unders!ze. 

particles which had passed through the screen fc;,r f in., 2 in., ••• 

10 in., of screei;i length. .If particle travel exceeded 10 in. the "over 

flow". was added· to the tenth lqeation, If all undersize p;irticles 

passed through the screen before ten in. of travel, zeros were entered 

in the re~ining locations. 

Presentation of the raw data for ll10 equal to the independent 

variable was altered slightly. The header card contained the number ot 

observations and the index KG. The sampling length down screen was · 

entered as the tenth piece of data on the first card of each data pair. 

Output of the raw data program is. presented in Appendix C-.II. 

First, pi terms held constant were tabulated in row form. n7, n8, a~d 
. . 

n9 which va.ried slightly from test to test are expressed as a mean 

value and a standard deviation. Below, the left column is the value of 

the independent pi term •.. Second column is the observed .response· of the 

system. The remaining columns are the. individual valu.es from which the 

mean values and standard deviations were· calculated. All calculations 



were made us inf$ eight significant figures. Output was t?;"uncated, F 

form, during printout. 

· lQ.8 

The raw data program was also used to punch out cards containing. 

the independent variable and dependent variable. This output was used 

as data f'or regression analysis of' the component equatio.ns. 

KC 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE XVII 

CODING OF RAW DATA 

Independent 
Pi Term 

n' 2 

n6 

n7 
Ilg 

n9 

IllO 

Il 
11 

nu 

Presentation of Component \.Equations 

Initial analysis of the component equations consisted of plotting 

the data on arithmetic coordinates, se:rni-log, and log-log, P versus n14 

indicated a straight line on log-log.· All other component equations . 
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appeared to be of the form y =a+ bx+ cxd where d could 'be 1ntege:r 

or non-integer and positive or negative, An existing computer program 
. . 

usirig the least square method wa~ altered to ~ccommodate the model_, An 

estimate of d was obtained graphically.. This was used in conjunction 

with an iterative procedure incorporated into the regression program. 

The value of a, b, c, and d which gave the best fit were computed. In 

an attempt _to si.Iil.plify the model, d was selected as 2 and the re~ression 

analysis was rerun. Results indicated that the s;i.mpler model was' 

satisfactory. The values for a, b, c, and .d for _each component equation 

are presented in TABLE XVIII. 

TABIE XVII;[ 

COEFFICIENTS FOR COMPONENT EQUAT~ONS 

Model_ p::;: a + bll + end 
2 . .- . . 

R · = Per cent Va.riation in P accounted for by knowing n -

2 
n a b c d R 

2 • 79817130E-OO · . · ,46957603E-02 .-.41747349E,04 2 ~537 

6 .91875280E-OO · , 24 77 3286E-OO .... 58010749E-OO 2 .965 

7 .66524220E-OO .103669],0E-OO :...99758431E-02 2 .829 

8 .95997560E-OO .1842306lE-OO -.3634345.JE-OO 2 .94~ 

9 .S4798840E-OO .10171208E+o2 -.17596452E+o3 2 .984 

10 .ll91298:3E+Ol -.33976180E-02 -.91445396E+o2 .-2 .998 

11 -.64241820E-OO .65183182E+Ol -.66299~76E+Ol 2 .998 
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It was hypothesized that n1 versus n14 was of the form y = ax • 

This was tranaformed to logs and a linear regression analysis made, 

This was an acceptable model. Results of regression analysis were: 

n1 = .289 n14-·607 

2 . 
R = •.978 

. . 
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The component equations:and experimental data are plotted in Fig, 36,. 
·. . . . . . 2 

37, ,a, 39, 40, 41, 42, · and 43 •. A relatively low value for R was 

obtained for n1 versus n2 •. However this makes little. difference since 

a small change in response is noted for the range of n investigated. 
. 2 

The type of response obtained in n1 versus ll6 is the result or the two 

· phenomena occuring in the physical system. As n6 increJ;1ses, the ~rea 

. 'of the ape~ture. (operi area) decreases in a linear fashion fox- each inch 

of screen length.· Thus, one would expect the .response to decrease, 

Increasing n6 required that the feed rate to the screen 'be incx-eased to 

maintain a constant value of n8• This had the effect of incr,asing the 

depth of material entering the screen~ The greater depth tend.ad to 

distrfbute mater:i..al further down the screen which would decrease the 

response for the level of n10 selected. Study of the literature plus 

other considerations suggeists the d~crease in respo?).se is exponential 

in n~ture. 

A relatively low R2 was acp.ieved for n1 versus Jl7 •. Again this 

makes little difference since a small change in respons.e was obtained 

for the range of n7 investigated. 
2 

For the pi terms having greatest. Elf'fect on response, . the lowest R · 

was .943 which was obtained for n1 versus n8• Inspection of :Fig. 39 

shows individual observations deviated more from the regression line 
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as compared to the other. component equations• · n8 was varied by changing 

.the feed rate to the screen. Increasing n8 increased depth of material 

on the screen, which in turn distributed material further down the 

screen. This dec;reased the response as was expected. 

Froude number appears to be an excellent means of characterizing 

the screen motion. At the lower end of the range investigated, relative 

movement between particles and· screen was small. tt the up~r end of 

the range, particle movement was brisk. Increasing the Froude number 

has the effect of distributing material further down the screem thus 

decreasing the :response for the level of n10 under consideration. 

n10 was varied by changing the sampling distance S down the screen. 

As n10 increased the response increased, This is pla11sible since a 

distance down screen can be reached beyond which no undersiie particles 

pass. It is of interest to note that the length of screen needed to 

achieve a specified level of response can be determined by this 

dimensionless ratio. · 

The range of response due to varying' 1111 was at least 2.9 times 

the range for any of the other pi terms, Thus l.3u/a was a highly 

significant variable. Experimental procedure was, .altered for obtaining 

the resp<;>nse at n11 = .7182 and ll;u = .8707. At the , 7 level, ]!)articles 

lodged in the apertures and eventually blocked all openings. To mini~ 

mi~e the blocking, sampling time was decreasE:d• At the end of the 

tests approximately 50% of the screen area we~ .ineffective.· For 1111 = 

.8, ape:rture blocking was not serious but very few underslze particles 

passed thro11gh the apertures, . To prevent e:iccessive layering of parti..-

oles, sampling time was reduced. 

The observed respo~se due to 1111 provides insights to some inter-
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esting passipilities for size classing p~rticles. It is apparent that 

poor responsei j,s obtained when the particles are only slightly smaller 

than the aperture. On the other hand little is to be gained for values 

of n11 less than .50. Performing a give:,;i sizing operation might be most 

efficient by using. several screens of different aperture size rather than 

one screen. By judicious selection of aperture size and screen length, 

n11 could be maintt;1ined near the .5 level whfoh would provide optimum 

condition for particle passage. One must remember the observed response 

was for one size class of undersize particles. To implement this concept 

would require knowledge of the response of composite m.i;xtures of different 

size classes of undersize and oversize particles. 

The final phase of the experimental work consisted of mixing·under-

size and oversize particles. As the ratio of oversize to undershe 

increased, the response decreased in an exponential manner for the 

level of n10 selected. This is ;reasonable to expect since oversize 

p1;3rticles block· out ape.rtures and tend to convey the undersize parti

cles further down the screen. For n14 == 0.6, depth·or part.toles at the 

screen entrance was approx;i..mately 1 in. 

Development of the Prediction Equation. 

An objective of this study was to develop a prediction equation of 

the form n1 ==f (n2, n6, ll7, lls, n9, n10, n11). 

6 - l 
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Basis for this hypothesis was that the component equation oontained 

terms which were linear in arithmetic coordinates and terms which were 

linear in logarithmic coordinates. 

A computer program employi~g the least squares method was used to 

evaluate the mod~l. One hundred and two experimental observations were 

used in forming the prediction equation. 85.4% (R2 x 100) of the 

variation in n1 was accounted for by knowing n2, Il6, ll7, n8,n9, n10, 

and n11• The equaM.,on obtained was then used to calculate predicted 

values for each of the 102 observations. Deviation of' the predicted 

response from the observed response was expressed as a+ or - per cent 

deviation. 86.1% of the predicted values deviated less than ;t 10% 

from the observed response. 58.9% of the predicted values deviated 

less than± 5%. Model I was tolerable but in an attempt to find a 

better mathematical model a second model was investigated. Model II 

was hypothesized as: · 

2 . . · 2 . 2 
nl =cl+ c2n2 + C3ll2 + C4ll6 + C5ll6 + C(,!17 + C7ll7 + 

2 + 2. . . + c8n8 + c9n8 c10n9 + c11n9 + c12n1o · 

c13n102 + c14n11 + 015n112 . 6,.... 2 

One hundred and, two observations were used in the· 1E1ast squares program 

to evaluate Model II. For this model 98% (R2 x 100) of '!;,he variation 

in n1 was accounted for by knowing n2, ll6, Il7, llg, n9, n10, and n11• 

Model II prediction equation was then used to calculate predicted 

values for each of the 102 observations. Predicted valuefJ were compa:red 

with observed values. 93.14% of the predicted values devieted less than 
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±10% .from the observed response. 91.18% or the predictecj values 

deviated less than ± 5%. It was concluded that Mode,). II satisfactorially 

represented the response of the system under investigation. The value 

of the coefficients for the prediction equation are given in TABIE IXX. 

Numerical evaluation of the prediction equation is presented in Appendix 

C-III. 

TABU:: IXX 

COEFFICIENTS.FOR MODEL II PREDICTION EQUATION 

Coefficient Numerical Value 

cl - .. 91159020E-OO 

C2 -.63099464.E-02 

c3 .76858091E-04 

c . 
4 -.588519JQE,...Ql 

C5 -.23026625E-OO 

c6 -~83.348270E..-01 

Cg .13077284E-Ol 

Cg .59216929E-OO 

c9 -.61024423E-C!lO· 

010 .30397990E+ol 

011 -.10534l73E+o3 

C12 .52918966E-Ol 

013 -~7681998,E-03 

014 • 61202131E+C)l 

015 -.63~57509E+o;L 
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Prediction Equation Test 

During the experimental work a limited number of tests were run for 

use in checking the prediction equation. Frequency and amplitude in 

the Froude number were recombined to give the same numerical values for 

motions 3, 7, and 8. The manner in which this was done is shown in 

TABLE XX. Motions 7A, 3B, and 8C were replicated three times. The 

TABIE XX 

MOTION PARAMETERS SELECTED .FOR TESTING PREDICTION EQUATION 

Identity Frequency Amplitude n 
cps iri. 9 

·7 22.0 .031 .038 

3 28.5 .024 .050 

8 33.0 .020 .056 

7A 19.8 .037 .038 

3B 26.9 .027 ,050 

80 30.2 .024 .056 

nine texts were completely randomized. Raw data is presented in 

Appendix C-IV. Calculations. of the pi terms are presented in Appendix 

C-V. Values of the independent pi terms for the nine tests were us.ed 

in evaluating the prediction equation. The predicted values. of the 

response P, were compared with the observed values. Results are 
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presented in TABIE XXI. Based on these limited observations the 

prediction equation appears to be valid. 

TABLE XXI 

RESULTS OF PREDICTION EQUATION TEST 

P OBS P CAL OIFF PERCENT 

.9836 .9801 -.0034 ... 348 

.9765 .9743 -.0021 -.225 

.9826 .9906 .0080 .8l5 

.9206. .9068 -.0137 -1.490 

.9193 .9003 -.0190 -2.067 

.9224 .9093 -.0130 -1.417 

.8773 .8446 -.0327 -3.730 

.8819 .854.3 -.0275 -Je125 

.8738 .8469 -.0269 -3.078 

Comparing 'l'heory with Experimental Eesults 

As mentioned earlier in this chapter, the range of theoretical 

values calculated for frequency and amplitude in Chapter III were too 

high~ The values actually used in the experimental work were subjected 

to the same theoretical analysis as those in Chapter III. The calcula-

tions are presented in Appendix A-II. For the values of frequency and 

amplitude used, theoretical calculations were not made for; motion 6 

for ex = 35, 45, and 55, motions 2, 3, 4, 5, 7 and 8 for ex= 65. 

Theoretical calculations were not made because the condition of equa-

tion 3 - 7 was not met. This merely indicates that particles were 

undergoing sliding effects rather than executing small hops. No theory 
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was developed for the sliding region. Graphical results are presented 

in Fig. 44, 45, and 46. 

A qualitative response of the system due to increasing n7 was 

hypothesized in Chapter III. This hypothesis is consistent with 

theoretical calculations for the test conditions used (Fig. 44). The 

actual response obtained in the experiment is shown in Figo 35. A 

slight increase in response was observed for increasing n7• The net 

response must be the combined effect of response due to: 1. drag 

forces; 2. decreased layering effect; 3. increase in distribution 

of particles down the screen. Visual observations of material movement 

on the screen suggests that drag effects of air on the particles were 

not.significant in this system. Only for high Froude numbers were the 

particles appreciably projected into the air and even then the prob

ability of them achieving terminal velocity seemed unlikely. Thus it 

appears that the decreased layering effect increased tne response more 

than the decrease in response due to the increased distribution of 

material down the screeno There is some ~vidence to support the quali

tative hypothesis concerning an -increase in n7• 

Theoretical aver~ge horizontal velocity versus Froude number is 

shown in Fig. 45 for the test conditions used. These calculations are 

compatible with the hypothesis set forth in Chapter III concerning an 

increase in n9• The actual response of n1 is shown in Fig. 40 .. An 

appreciable decrease in n1 was obtained for increasing n9• Therefore 

there is evidence to support the qualitative hypothesis set forth. 

Study of Fig. 36 reveals only a slight increase in response due to 

increasing ex. Only limited comments are in order concerning this 

response. In Fig. 46 one notes an increase in the intercept angle 
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between particles and screen for increasing a. Theoretically a decrease 

in response would be expected for an increase in intercept angle. It is 

not unlikely that the intercept angle looses its identity due to 

scattering effects and intra particle intersection. 
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'CHAPTER VII 

MODEL PREDICTING SEPARATION IN A MU1'TI-SCREEN SYSTEM 

Prediction equation 6 - 2, was developed by using one screen. 

Consideration should be given to a system composed of several screens. 

This suggests that screens of different length, wire diameter, and 

aperture size could be used to achieve a more efficient separation as 

compared to a ~ingle screen. 

The syf!tem .shpwn in Fig. 47 wes selected for demonEJtrating how .tJ;,ie 

prediction equation for one screen can be extended to several screens in 

series. The Q's are the feed rates in.lbm./sec./in. and the S's are the 

Fig. 47. Multi~Screen System. 

scret;in lengths in inches. Restrictions placed on the system were: 

lJO 
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1, All screens were of unit wiqth; 2. All screens were connected to a 

common drive. The following relations exist between the three screens: 

Q1 = Specified input to system 

7 - l 

7 - 2 

7 - 3 

where Pl' P2, and PJ = n1 for the respective screer,i.s •. '.l,'o maximize equa

tion 6 - 2 implies: 

7 - 4 

x = 2, 6, 7 ~ 8, 9, 10, and 11 

The general form of the derivative is: 

7 - 5 

Setting equation 7 ~ 5 = O yields: 

nx (max.) = -a/2b 7 - 6 

Maximizing each pi term yields: 

7 - 7 

7 - 8 

7 - 9 

n8 (max.) =-08/209 :::: .49 7 -10 
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7 -11 

7 -12 

7 -13 

n6 (max.) is a valid mathematical solution but. has no meaning in 

the physic;ial system since ll6 cannot assume :qegative values. n9 (max.) 

is not in the range of values for which the predication equation was· 

developed. By judicious use of some of these maximized values, a 

partial optimization of the system can be achieved by using the$e 

maximized values in equation 6 ~ 2, 

Model Analysis 

The exact procedure for applying the prediction equation to the 

multi-screen system is presented in three phases, one for each se:reen. 

Screen i: 

Input 

ll2 = Design value 

ll6 = Design value 

Il7 = Design value 

n8 = Design value 

n9 = Design value 

.· ll10 = Design value 

· ll11 = Design value 



1. Calculate ll1 = P1 using equation 6 - 2, 

2. Calculate aperture size (a1) using n11 , 

3. Calculate wire diameter (d1) using n6• 

4. Calculate screen length using n10• 

,. Calculate frequency using n7 and n9• 

6. Calculate amplitude using n7• 

7. Calciµate Ql using n8• 

8. Calculate Q2 using equation 7 - 1. 

Scl'een 2: 

Input 

n~ = Same as screen 1. · 

ll6 = Design value. 

n7 = Same as screen l. 

n8 = Optimum value equation 7 - 10, 

ll9 = Same as screen 1. · 

n10 = Design value or optimum value, whtcheve~ is smallest, 

ll11 = Design value 

1. Calculate n1 = P2 using equation 6 - 2. 

2. Calculate aperture size (a 2) using n11• 

3. Calculate wire diameter (d2) using ll6• 

4. Calculate screen length using smallest value for n10• 

,. Calculate Q3 using equation 7 .. 2. 
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Screen 3: 

n2 = Same as screen 1. 

ll6 = Design valueo 

n7 = Same as screen 1. 

n8 = Optimum value equation 7 - 10. 

ll9 = Same as screen 1. 
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ll10 = Design value or optimum vi9lue, whichever is smallest .. 

n11 = Design value 

1. Calculate nl = P 3 using equation 6 - 2. 

2. Calculate aperture size (a ) 
3 

using n11 • 

3. Calculate wire diameter (d3) using n6. 

4. Calculate screen length using smallest value of n10, 

5. Calculate Q4 using equation 7 - 3. 

6. Calculate the value of :fl for the system using the relation: 

A computer program was written to evaluate the model. Listing of 

Fortran statements is presented in Appendu: E-I. Experime:p.tal data was 

used as input to screen 1. PiSrtial optimization was· achieved by using 

equation 7 - 10. Ratio of aperture size of screen 2 to screen 1 and 

screen 3 to screen 2 was specified as input. Ma~imum screen length L2 

and 13 was specified as input for screens 2 and J, If the length was 

greater than the optimum value as determined by equation 7 - 12, the 

optimum value was used. If specified screen length was less than the 

· optimum value, the specified value was US$d. 

Four sample calculations are presented in Appendu: B-II, n2 was 
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equal to 45 deg. for the calculetions presented. It must be recognized 

that usefulness of the model analysis is limited because the prediction 

equation is valid only for one size class of undersize particles. 

However a concept has been presented which can be expanded and applied 

to prediction equations which do contain parameters describing particle 

size and weight distribijtions. 



CHAPTER VIII 

SUMMAR! AND CONCLUSIONS 

Summary 

The objectives of this study were to: 1. Establish baaic 

relationships between particles and a single screen system using 

dimensional analysis and theoretical considerations; 2. Develop the 

necessary equations to predict particle passage for on.e size class of 

undersize particles for the system under consideration; 3. Extend the 

\lS0 of the prediction equation to a multi-screen system. 

A horizontal screen subjected to simple harmonic motion was the 

hypothetical screening system. Two size classes of particles, under

size and oversize were c;::onsidered. !mportant parameters in the system 

were identified in TABIE II and were combineq into dimensionless rat1,.os 

in accordance with the Buckingham Pi Theorem~ nl wa~ designated as the 

dependent variable. The re:maining fifteen pi terms were treated as 

independent variables. To restrict the area of investigation, the 

eight independent variables thought to be of greatest importance were 

selected for study. The remaining seven independent variables were held 

constant for all experimental work. The dimensionless ratios thought to 

be most important were: 

1. ll2 = °' 
2. n6 = d/a 

136 
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.9. n7 :; NepfA12u/µ. 

4. Ils = Q/pufa2 

5. n9 = Nef2A/G 

6. ll10 = S/l2u 

7 •. II = 1., /a 11 u 

s. nl4 = Qo/Q 

n7 which is a form of Reynolds number and n9 which is a form of 

the Froude number were used in conjunction with analytical considers-

tions to develop a hypothesis concerning th.e qualitative· response of 

the system. 

Grain sorghum was selected as the undersize particles. One size 

class was constructed by processing the seeds in a roll (size) grader. 

Commercial plastic balls were selected as the one size class of over ... 

size particles, 

A four-bar linkage driven by an eccentric was used to impart 

· approximated simple harmonic motion to the horizontal screen. The test 

screens were 6 in. wide and 27 in. long. Screen widths were reduced to 

about 3 in. after conducting preliminary test work. 

The test schedule as QUtlined in TABI.E IV was followed so that the 

experimental data could be used to develop a prediction equation of the 

form: 
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The response of n1 as effected by changes in n14 was determined by 

the test schedule shown in TABLE v. All test conditions were repljcated 

three times. Randomization procedures are presented in Chapter V. 

Component equations for the dependent variable and each independent 

variable were developed by using the least squares method 0 Mathem.at,ical 

models wpich gave satisfactory results were: 

2 
ll1 = a + bll + en x . x x = 2, 6, 7, 8, 9, and 11 

x = 10 

x = 14 

A dimensionless homogeneous prediction equation was formulated 

using the least squares methode Form of the equation was: 

+ C7ll72 + Cgllg + C9lls 2 + C1oll9 + C11n92 + 

2 2 
C12ll10 + C13ll10 + C14ll11 + C15ll11 

Numerical value of the constants are given in TABLE IXX. One hundred 

and two observations were used to develop the equation. 98% of the 

variation in n1 was accounted for by knowing n2, n6, 117, Ilg, n9, n10, 

and n11• 93014% of the predicted values deviated less than± 10% from 

the observed response. 91018% of the predicted values deviated less 

than± 5%. 

A limited number of tests were run to check the prediction equation. 

Frequency and amplitude in the Froude number were recombined to give the 
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same numerical values for three motion conditions. The predicted values 

were compared with the observed. All predicted values varied less than 

± 3.8% from the observed response. 

Theoretical calculations involving frequency and amplitude do 

indicate the qualitative response of the system when varying n7 and ll9, 

A model was developed for extending the use of the pr~diction equa

tion from one screen to three screens in series. The model has limited 

usefulness but does provide a concept which will have application to 

other prediction equations which might be developed in future investi

gations. 

Conclusions 

Basic relationships between one size class of undersize particles, 

one size class of oversize particles, and a single screen system.were 

established by use of dimensional analysis, theoretical considerations, 

and experimental observations. The relationships investigated were: 

Range 

n6 = d/a 019 - .73 

ns = Q/Pufa2 .31 - 1.3 

Ilg= Nef2A/G .028 - .070 

ll10 = S/l2u 14.1 - 42.5 

nll = l3Ja .43 - .87 

ll14 = Qo/Q .12 - ,,66 
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Changes in n2 did not have appreciable effect on the system response. 

The free flowing nature of the particles plus interaction effects between 

particles may have rendered this parameter unimportant for the range of 

values investigated. 

In the design of a screening system, n6 should be made as small as 

possible to obtain gr~atest response. The minimum value is dependent on 

structural limitations. 

n7 which is a form of Reynolds nuril.ber, did not have appreciable 

influence on n1 .for the size of particles used. Visual observation of 

particle movement suggested minimum drag effect, The variation in 

response obtained was probably due to some combination of experimental 

e:r;-ror, .;Layering, and scattering effects. 

n8 can be designated as the flow paramet~r. It is the ratio of 

volume flow of undersize particles per unit time to the volume swept 

out by the apertures per unit time. This ratio adequately relates 

feed rate, screen motion, and aperture size. It appears to a~sume even 

greater importance when establishing compatfbility for a multi-screen 

system. 

119 is a forxn of the Froude. number and is an excellent means for 

describing the screen motion. For n9 > ,08, particle movement on a 

hor,izontal screen is exceptionally brisk. 

To optimize space requirements, a given screen should be just long 

enough to achieve the desired response, n10 provides the criteria 

necessary to obtain this optimization. 

The observed response due to n11 provides insights to some 

interesting possibilities for size classing particles. Performing a 

given sizing operation may be most efficient by using several screens 
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of different aperture size rather than using one screen. 

The appreciable decrease in response due to an increase in n14 

indicates that oversize particles have pronounced effects on the under

size particles for the conditions investigated. 

The approach used in analyzing a multi-screen system provides the 

basis for possible future investigations. Consider two screens in 

series. Passing a mixture of oversize and undersize particles over 

screen one removes some of the undersize particles. Thus the value of 

n14 for screen two will be larger which would lower the response for 

the second screen. However, accompanying this is a reduction in the 

feed rate to the second screen. This decreases n8 which would increase 

the response. By careful selection of frequency and aperture size for 

screen two, n8 would have greater influence than n14• 

Suggestions for Future Investigations 

This study has resulted in the formulation of basic concepts which 

are applicable to size classing systems employing perforated surfaces. 

To realize greater benefits from this study would require additional 

work consisting of: 

1. Developing ?rediction equations which would include in addition 

to equation 6 - 2, effects due to varying proportion of different size 

classes of particles, different shape factor of particles, and possible 

moisture effects. 

2. Developing structural design criteria for screen assembly and 

mounting so that the smallest d/a ratio can be utilized. 

3. Developing criteria for minimizing or eliminating particle 

lodging in apertures for those particles which are about the same size 
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as the aperture • 

. 4. Developing additional optimizing techniques for multi-screen 

systems. 
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Explanation of Tables 

A - I 

ALPHA= Angle with respect to the vertical ,t which motion is imparted 

to the horizontal screen. deg. 

1 • J'Joequenoy. ops. 

A,. • hplitude. in. 

G = Maxim.uin aQceleration i~mechani~m. ~•s. 

VIL = .Average horizontal velooity of partiele. 
I 

in./sec. 

I = .Ang).Erwith respect to the ver~ical at wht,eh particl~ finp&cts 

surf'B'ee... deg. 

REY = Il7 µ./Nep12u 

FROUD = ll9 G/Ne ·· 

BEY = Reynolds 11QJ11bel!" (lltl. 

· .· :,a.ow '= Frotide nt.Uliber (n9) •. 

A - II. 
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APPENDIX A-I 

THEORETICAL CALCUIATIONS FOR SELECTED FREQUENCIES AND AMPUTUDES 

ALPHA 25.0 

F A G VEL REY FROUD 

20.0 .0600 2.46 2.86 16. 97 53.28 24.00 

25. 0 .0480 3.07 2.98 21. 05 53.28 30.00 

30.0 .0400 3.69 1. 52 25.25 . 53.28 36.00 

35.0 . 0342 4.30 1.56 28.89 53.27 41. 99 

40.0 .0300 4.92 1. 74 30. 16 53.28 48.00 

45.0 .0266 5.54 3.01 20.82 53.27 53.99 

50.0 .0240 6. 15 3. 12 22.20 53. 28 60.00 

20.0 .0600 2.46 2.86 16. 97 53.28 24.00 

25. 0 .0384 2.46 2.29 16.97 42.62 24.00 

30.0 .0266 Z.46 1. 91 16. 97 · 35,51 23.99 

35. 0 . 0195 · 2.46 1. 63 16. 97 30. 44 23,99 

40.0 .0150 2,46 1.43 16.97 26.64 24.00 

45,0 • 0118 2.46 1. 27· 16.97 23. 67 23.99 

50.0 .0096 2.46 1. 14 16.97 21. 31 24.00 
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AP~IX A·I Continued · 

AL Pf:iA . 3 5 • 0 

F A G VEL REY FROUD 

20.0 .0600 2.46 3.74 2i.s1 53,28 24.00 

2~.o .0480 3.07 3.99 27 .. 5·1 · .. 53. 28 30. 00 · 
.. 

30.0 • o4oo 3.69 4.08 32.28 53.28 36.00 

35.0 .0342 4.30 2.07 36.87 53 .. 27 · · 41.99 

40.0 .0300 4.92 2.15 : 40. 41 53.28 48.00 

45.0 .0266 5.54 2.46 40~28 53.27 5·3 .99 

50.0 . .0240 6, 15 ·. 4.10 29,78 5 . .3,28 60.00 

20.0 . .0600 2.46 3.74 . 22. 51 · · 53,. 28 24.00 
; 

25.0 ,0384 ·. 2.46 2.99 22.51 42. 62. .24~00 

30.0 . 0266 2.46 . 2,.49 . .22.51 35.51 23.99 

35.0 .0195 ·. 2.46 2, 14 22~51 30.44 23.99 

4() ~ 0 ·. 0150 Z,46. 1. 87 22,51 26. 64 . · 24.00 

45.0 • 0118 2,46 . 1. 66 22.51 23,67 23.99 

50.0 .0096 · 2.46 1. 49 . 22.51 21..31 24,00 
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APPENDIX A-I Continued 

ALPHA 45.0 

F A G VEL REY FROUD 

20.0 .0600 2.46 4.22 27.30 53.28 24.00 

25.0 .0480 3.07 4.75 32.60 53.28 30,00 

30.0 .0400 3.69 4.95 37.57 53. 28 · 36.00 

·35.0 .0342 4.30 5.04 42. 33 53.27 41. 99 

· 40.0 ,0300 4.92· 2.55 46.57 53.28 48.00 

45.0 .0266 5.54 2. 62 . 49.85 53.27 53.99 

50.0 .0240 6. 15 2.80 51. 59 53.28 60.00 

20.0 .0600 2,46 4.22 27.30 53,28 24.00 

25.0 .0384 2. 46 3.38 27.30 42.62 24.00 

30.0 . .0266 2.46 i.a1 27~30 35.51 23.99 

35 .0 .0195 2.46 2. 41 27.30 30,44 23.99 

40.0 .0150 2.46 · 2. 11 27.30 26.64 24.00 

45.0 . O 118 2.46 1. 87 27. 30 · 23.67 . 23. 99 

so.a .0096 2.46 1. 69 27.30 21. 31 24.00 
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APPENDIX A-I Continued 

ALPHA 55.0 

F A G VEL REY FROUD 

20.0 .0600 · 2. 46 · 3.77. 31. 57 53.28 24.00 

25.0 .0480 3.07 4.95 36. 73 . 53.28 30.00 

30.0 .0400 3.69 5.45 · 41.64 53.28 36.00 

35.0 .0342 4.30 5.69 46.03 53·~ 27 41.99 

40.0 .. 0300 4.92 5.79 so. 12 53.28 · 48. 00 

45.0 .. 0266 5.54 5.86 53. 72 · 53.27 53.99 

50.0 .0240 6.15 2.96 56.85 53.28 60,00 

2CLO. .0600 2.46 3.77 31.57 53.28 . 24,.00 

25.0 .0384 2.46 3.02 3L57 . 42.62 24.oo 

·30~0 • 0266 2 46 ' . 2.51 31.57 35.51 23.99 

35.0 .0195 2.46 2. 15 31. 57 30.44 23.99 

40.0 . 0150 . 2.46 1. 88 3L57 26.64 24.00 

45.0 . 0118 ·2.46 L67 31 • 57 . .23~67 23.99 

50.0. .0096 2.46 1. 51 31,57 21. 31 24.00 
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APPENDIX A-I Continued 

ALPHA 65.0 

F A G .VEL REY FROUD 

20.0 .0600 2.46 . 63 36.02 5.3~28 24.00 

25.0 .0480 3.07 . 3.46 40.81 53.28 30~00 

30,0 . .0400 · 3.69 4.85 45.20 53.28 36.00 

35.0 .0342 4.30 5.59 49. 15 53.27 41. 99 

40.0 .0300 4.92 6.00 52.62 53.28 i.a.oo 
45.0 .0266 5.54 6.22· 55.82 53.27 . 53 .99 

50.0 .0240 6. 15 6.34 58.71 53.28 60,00 

20.0 .0600 2.46 . 63 )6.02 53.28 24.00 

25.0 .0384· 2.46 .so 36.02 42.62 24.00 

30.0 .0266 2.46 . 42 36.02 35. 51 23.99 

35.0 .0195 · 2.46 . ~ 36 36.02· 30.4'-t 23.99 

· 40.0 .0150 2.46 . 31 36.02 26.64 24.00 

45.0 . 0118 . 2.46 . .28 36.02 23.67 . 23. 99 

50.0 .OQ96 2.46• ·. 25 36.02 21. 31 24.00 
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APPENDIX A-I Continued 

ALPHA 25.0 

F A G VEL REY FROUD 

30.0 .0460 4.24 1, 79 28.61 61. 27 41. 40 

35.0 .0394 4.95 2.03 29.91 61.27 48.29 

40.0 .034~ 5.66 3.51 21.01 61. 27 55.20 

45 .o .0306 6.37 3,60 22.89 61.27 62,09 

50.0 .0276 7~07 2.41 25.08 61. 27 69.00 

30,0 .0460 4.24 1. 79 28.61 6.1. 2 7 . 41. 40 

35.0 .0337 4. 24 1.53 2e.61 52.51 41. 39 

40,0 .0258 4.24 1. 34 28.61 45.95 41 ~ 40 

45.0 .0204 4.24 1. 19 28.61 40,84 41. 39 

50,0 .0165 4. 24' 1.07 28. 61 36.76 41, 40 



154 

APPENDIX A-I Continued 

ALPHA 35.0 

F A G VEL. REY FROUD 

30.0 .0460 4.24 2.38 36.44 61.27 41. 40 

35.0 .0394 4.95 2.48 40.SZ· 61.27 48.29 

40.0 .0345 5.66 4.01 31. 47 61, 27 55.20 

45.0 .0306 6.37 4.80 30.26 61.27 62,09 

so.a ,0276 7.07 4,89 .32 .44 61.27 69.00 

30.0 .0460 4.24 2.38 36.44 61. 27 41. 40 

35.0 .0337 4.24 2.04 36.44 52,51 41. 39 

; 40.0 · .0258 4.24 1. 78 36. 44 · 45. 95 41.40 

45.0 .0204 4.24 1. 58 36.44 40.84 41.39 

· 50.0 ,0165 4.24 1. 43 36.44 36. 76 41.40 
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APPENDIX A~I Continued 

ALPHA 45.0 

F A G VEL REY FROUD 

30.0 . 0460 4. 24 5.79 41. 92 61. 27 41. 40 

35.0 .0394 4.95 2. 94 46.81 61.27 48.29 

40.0 .0345 5 .66 3.04 50. 38 61. 27 5~.20 

45.0 .0306 6.37 3.42 50.90 61.27 62.09 

50.0 .0276 7.07 5,78 39.20 61. 27 69.00 

30.0 .0460 4. 24 5.79 41. 92 61. 27 41.40 

35.0 .0337 4.24 4.96 41. 92 52.51 41. 39 

40.0 .. 0258 4.24 4.34 41, 92 45 .95 41. 40 

45.0 .0204 4.24 3.86 41 .92 40.84 41. 39 

50,0 .0165 4. 24 3.47 41. 92 36.76 4'1.40 
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APPENDIX .A-I Contin11ed 

ALPHA 55.0 

F A G VEL REY · FROUD 

30.0 .0460 4.24 6.52 45.66 61.27 41.40 

35.0 .0394 4.95 6.67 · 50. 34 61.27 48.29 

40.0 · .0345 5.66 6.75 54.42 61.27 55.20 

45.0 · .0306 · 6.37 . 3. 43 57.74 61. 27 62.09 

so.o . .0276 7.07 3.54 60. 17 · 61. 27 69·.00 

30.0 .0460 4.24 6.52 45.66 61 • 2.7 41.40 

35.0 .0337 4.24 5.59 45 ,66 . 52.51 41.39 

.40.0 • 0258 . 4~24 4.89 45.66 45. 95 · 41. 40 

. 45.0 .0204 4.24 ·. 4.35 · 45.66 40.84 41. 39 

50.0 .0165 4.24 3.91 45.66 36. 76 41. 40 
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APPENDIX A-I Continued 

ALPHA 65.0 

F A G VEL REY FROUD 

30.0 .0460 4.24 6.37 48. 78 61. 27 41. 40 

35.0 .0394 4.95 · 6. 91 52.82 61. 27 48.29 

40.0 .0345 5.66 7. 19 56.43 61.27 55.20 

·. 45.0 .. 0306 6.37 7.33 59.67 61.27 62.09 

so.a .0276 7.07 . 7. 41 62.49 61.27 69.00 

30.0 .0460 4.24 6.37 48. 78 61.27 41. 40 

35.0 .0337 4. 24 5.46 48.78 52.51 41. 39 

40.0 .0258 4. 24 4.77 48.78 45 ,95 41.40 

45.0 .0204 4.24 . 4. 24 48. 78 40. 84 41. 39 

.50.0 .. o 165 4. 24 3.82 48.78 36.76 41. 40 
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APPENDIX A..-II 

THEORE'J.'lOAL CAWUI,4.'l'IONS FOR TEST CONDITIONS 

ALPHA 35,0 

F A G VEL REY FROUD 

32.0 . .0190 1.99 1.64 18.88 3.36 .050 

28. 5 .0240 2.00 1.84 18. 96 · 3.78 ,050 

22.0 .0400 1.98 ·2.36 18.78 4.86 .050 

20.7 .0450 1.97 2.49 18.73 5. 14 .049 
' 

22.0 .0310. l.53 · 1.13 15.38 · .3.76 .036 

28.5 .0240 2.00 1.84 1a;96 · 3.78 .050 

33 .. 0 .. 0200 2.23 L95 20. 78 3.64 .056 

. 40,Q .0170 2.79 2.21 25. 21 3,75 ,070 

·AhPHA 45.0 

F ·A G VEL REY FROUD 

32.0 · .0190 1.99 1.64 23. 40 . . 3.36 .oso 
·28. 5 .0240 2.00 · 1. 86 23.36 3.78 .050 

22.0 .0400 · · 1.98 2.36 23.26 4.86 .050 
, . 

. · 20. 7 .0450 L97 · · . Z.48 23. 17 . . s.14 .049 

22.0 · .. 0310 . l. 53 .58 19.41 3.76 .038 

28.5 .0240 2.00 1. 86 23. 36 3.78 ,050 

33.0 .0200 2.23 2. 11 25.37 3.64 .056 

40.0 .0170 2.79 2,59 30.20 3.75 ,070 
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APPENDIX A-II Continued 

ALPHA 55.0 

F A G VEL REY FROUD 

32.0 .0190 1. 99 .92 27.59 ). 36 .050 

28.S .0240 2.00 1.05 27.58 3.78 .050 

.22.0 .0400 1.98 1.29 27.44 4.86 .050 

20. 7 .0450 1.97 1. 33. ·. 27. 42 5. 14 .049 

28.5 .0240 2.00 1.05 27.58 3.78 .050 

33~0 .0200 2.23 1. 64 29.68 3.64 ,056 

40.0 .0170 2.79 2.56 34.41 3. 75 .070 

ALPHA 65.0 

F A G VEL REY FROl)D 

4o.o· .0170 2.79 1.36 38. 56 3,75 .070 



APPENDIX B 

DI!1ENSIONS OF UNDERSIZE PARTICIES 

DI:t1ENSIONS OF OVERSIZE P~TIC:IES 

PARTICI.E DENSITY OA!CULATIONS': 

ACCELEROMETER: TESTS'. 
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APPENDIXB-I 

DIMENSIONS OF UNDERSIZE PARTICIES 

Particle 

in. in. in • 

l .175 • 143 .097 
2 .160 .137 .097 
3 .168 .150 .099 
4 .156 .137 .099 
5 .177 .140 .099 

6 .165 .132 .095 
.7 .162 .156 .096 

8 .178 .139 .100 
9 .J.79 .150 .100 

10 .159 .148 .097 

ll .168 .140 .098 
12 .176 .150 .099 
13 .146 .137 .096 
14 .160 .131 .096 
15 .185 .158 .102 

16 · .150 .134 .096 
17 .153. .139 .099 
18 .184 .150 .101 
19 .166 .135 .101 
20 .174 .141 .102 

21 .171 .144 .099 
22 .167 .130 .100 
23 .161 .138 .095 
24 .153 ,135 .100 
25 .159 .135 .097 
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APPENDIX B-II 

DIMENSIONS OF OVERSlZE PARTICLES 

Particle 110 120 

in. in • 

1 .243 • 244 
2 .250 .250 
3 .241 .241 
4 .239 .240 
5 .231 .231 

6 .24:3 .244 
7 .240 .240 
8 .241 ,240 
9 .242 ,243 

10 .242 .2.39 

11 .245 ~245 
12 ~245 ~245 
13 .240 .240 
14 .240 ,239 
15 .242 .242 

16 .249 ,249 
17 .247 .244 
18 .239 .238 
19 ,243 .243 

. 20 .241 ,240 

21 .. .242 .240 
22 .237 .240 
23 . .240 .241 
24 .240 ,240 
25 .248 .242 



Sample Reading 
mm Hg 

1 215 

2 2:).5 

3 213 

4 215 

5 216 

6 214 

1 220 

2· 2ll. 

3 220 

4 211 

5 2l7 

. 6. 216 

APPENPlX B-III 

PARTICLE DENSITY CAICU~TIONS 

Zero reading~ 149 mm Hg 

Diff. Wt. Vol · 
mm Hg Grams in) 

Oversize Particles 

66 51.0 2.350. 

66 51.0 2.350 

64 50.5 2.300 

66 51.2 2.350 

67 51.7 2.375 

65 . 50.6 · 2.325 

Und~rsize Particles. 

7:L 54.9 2,470 

62 54.9 2.250 

71 55.0 2.470 

62 52.9 2.250 

68 53.8 . 2~400 

67 52.9 ·2.325 

163. 

Density 3 
lbm./in. · 

.0477 

.0477 

.0483 

.0481 ... 

.0480 

.• 0482 

.0490 

,0520 

.0490 

.0520 · 

.0496 

.0503 



Accelerometer 
·No.· 

;31.38 

31.38 

3138 

313$ 

.3138 

. . .31.38 

.3138 · 

APPENDIX B-IV 

ACCELEROMETER TESTS. 

Frequency 
ops 

20 

20 

. 40 

20 

20 

25 

30 

30 

·:40 . 

40 

• ;rnput 
g's 

1.0 

2.0 

.1,0 

1.0 

2.0 

1,0 

1.0 

. ·2,0 

1.0 

2.0 

Output 
g's 

1.00 

2.00 

. , 1.00 

o.so. 

.1,80 

0.95 

0.95 

·1,95 

· 0,95 

1.95 

% 
I.ow 

0 

0 

0 

20.0 

10~0 

,~o 
5.0 

2.5 

5.0 

2.5 · 



.!\PPENDIX C 

RAW PATA 

COMFO~NT ~QUATION DAT.A 

EVALUA'l'J;ON OF MODEL ll P~PJCTION ~QUAT:J:ON 

RAW DATA FOR TESTING P~DICTION ~QUATION 
. ' 

COMPONENT EQUATION DATA 
FOR 

TESTING PREDICTION EQUATl.ON 
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Expaanation of Tables 

C..,I&C-IV 

The header contains three numbers: 1. Number of observations of 

the independent var:i,able; 2. Sampling length down screen - in.; 

3, The index KC, indicating which pi term is the independent variable, 

KC assumes the values shown below: 

KC Pi Term 

l n;2 

2 n6 

.3 117 

4 Ilg 

5 Il9 

6 IllO 

7 n11 

8 1114 

Two rows form ope data pair, The first row contains eleven pieces of 

information. In order these are: 1. Fartherest distance in inches 

down screen undarsize particles advanced; 2. · Width of screen in 

inches; J. Wire diameter of sc;reen in inches; 4. Screen aperture in 

inches; 5. Speed of eccentric driver shaft in RPM; 6. · Total screen 

displacement., 2 x amplitude in inches; 7. Sampling time in minutes; 

8. The angle~ in degrees; 9. Weight of oversize particles in grams; 



10. Pi term which was the independ,ent variable; 11. A four digit 

code, the first two digits 1:;,eing the value for er, the third digit the 

motion identity, and the last digit is the screen identity number. 

167 

The second row contains ten pieces of information. These are the 

accumulated weights (grams) of undersize particles which passed through 

the screen for 1 in., 2 in., ••••• 10 in., of screen length. If 

particle travel exceeded 10 in. the •over flow•• was added to the tenth 

location. 

Raw data for n10 equal to the independent variable was altered 

slightly. The header card contains the number of observations and the 

index KC. The sampling lengt)l down screen was entered as the tenth 

piece of data on the first card of each data pair. 

C - III 

P OBS = Observed value of ll1• 

P CAL = Calculated value of n1 using the Model II prediction 

· equation. 

PERCENT = Deviation of predicted value from the observed value of n1 •. 
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APPENDIX C-I 

RAW DATA 

12 3 1 

168 

7 2.9375 .080 .170 1706 .. 048 .110 35.0 .0 2 3533 
84.8 200.4 281.0 302, 1 306.2 306,7 306.8 .0 .0 .0 

7 2~9375 .080 .170 1707 .. 047 .108 35.0 .0 2 3533 
87.5 199.2 278.2 301.4 305.2 305,7 306.0 .0. .0 .0 

7 2.9375 .080 :170 1708 .. 047 .106 35.0 .0 2 3533 
86.8 201.0 282.1 303.6 307.1 307.8 307.9 .o .0 .0 

8 2.9375 .080 .170 1707 .. 048 .109 45.0 .0 2 4533 
98.2 213.9 282.3 302.3 306.4 307.6 307,9 308.0 .o .0 

8 2.9375 .080 , 170 1709 ... 048 .110 45.0 .o 2 4533 
90.8 207.8 283.2 303.6 307.5 308.5 309. 1 309;2 .0 .o 
7 2~9375 .oao .170 1705 .. 050 .104 45.0 
92.7 206.6 274.0 292.0 295,9 297.0 297,5 

7 2.9375 .080 . 170 1709 .. 048 .102 55.0 
85.8 201.5 271~3 286.0 288.3 288.7 288.8 

7 2.9375 .080 .170 1713 .. 048 .100 . 55.0 
81.5 195.8 265.5 280.0 282.6 283,1 283.2 

7 2.9375 .oao .170 1101 • • o48 .095 55.0 
77.9 189.6 261.4 277.1 279.0 279.5 279,6 

6 2.9375 .080 .170 1710 .. 048 .103 65.0 
73, 7 '185.8 270.4 288.0 289.2 289.5 .0 

6 2 • 9 3 7 5 • O SQ . 1 7 O 1 7 12 . . O 4 8 • 1 00 · 6 5 • O 
75.3 187.8 269.3 290.6 292.3 292.5 .0 

6 2.9375 .080 .170 1707 .. 049 . 110 65.0 
· 75.8 188.5 289.0 312.S 314.3 314.4 .o 

.0 2 4533 

.0 .0 .o 

.o 2 5533 

.0 .o .o 

.o 2 5533 

.o .0 .o 

.o 2 5533 

.0 .0 .o 

.0 2 6533 

.0 .. o .o 

.0 2 6533 

.0 .o .0 

.0 2 6533 

.0 .0 .0 
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APPENDIX c ... r Continued 

12 3 2 

8 2,7500 .032 .168 1711 .. 047 .114 45.0 .o 6 4538 
128.0 243.7 284.4 294.6 298.6 299,0 299.4 299.6 .o .o 
8 2.7500 .032 .168 1711 .. 047 .118 45.0 .o 6 4538 

129.2 249.7 292.7 302~7 305.8 307.3 307.6 307,8 .0 .o 
8 2.7500 .032 .168 1711 .. 047. 112 45.0 .o 6 4538 

128.6 243.0 283.0 292;7 295.6 296,7 297.0 297.2 .o. .o 
8 2j937S .054 .168 1707 .. 048 .121 45.0 .o 6 4537 

110.4 228.2 303.6 325.1 329.6 330.6 331.0 331.4 .o .o 
9 2.9375 ~054 .168 1710 ... 048 .123 45,0 .. o . 6 4537 

127.4 244.7 317.2 335.3 340.1 341.4'341.6 341.8 341.9 .o 
8 2.9375 .054. 168 1709 .. 048. 126 45.0 .o 6 4537· 

· 129.3 250.6 320.0 338.2 342.7 344.3 344.9 345.1 .o · .o 
8.2.9375 .080. 170 1707 .• 048 .109 45,0 .o 6 4533 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 .o .0 

8 2.9375 ,080 .170 1709 .. 048 .110 45.0 :o 6 4533 
90.8 207.8 283.2 303~6 307.5 308.5 309.1 309.2 .0 .6 

j 2~9375 .080 .170 1705 .• 050 .104 45.0 
92.7 206.6 274.0 292;0 295,9 297.0 297,5 

.o 6 4533. 

.o .0, .0 

9 2,8130 r120 ,166 1709, ,048 ,150 45,Q . ,0 6 4536 
93.7 206.0 314.8 376.3 393.9 398.1 399.3 399,7 399.8 .o 
9 _2.8130 .120 .166 1708 .. 048 .157 45.0 .o 6 4536' 
99.0 212.1 331.2 388.9 404.0 408.3 409.5 409.9 410.1 .o 
9 2.8130 .120 .166 1709 .. 048 .175 45.0 .o 6 4536 

101.Q 221.1 350.7 421.5 440.8 4~6.1 447.5 447.9 448.1 .0 



APPENDIX C-I Continued 

12 3 3 

8 2.9375 .080 .170 1917 .. 038 .112 45.0 .0 
104.2 222~7 329.5 359.3 364.5 366.2 366.5 366.6 

8 2.9375 .080 .170 1919 .• 038 .114 45.0 .0 
95.2 216.4 318.2 349.1 356.2 357.9 358.1 358.2 

7 2.9375 .080 .170 1919 .• 038 .102 45.0 .o 
. 93.7 206.9 301.2 324.9 329.1 330.0 330. 1 .o 

8 2.9375 .080 . 170 1707 .. 048 . 109 45.0 .o 
98.2 213~9 282.3 302.3 306.4 307.6 307.9 308.0 

a 2.9375 .oso .170 1709. ~o48 .110 45.0 .o 
90.8 207.8 283.2 303.6 307.5 308.5 309.1 309.2 

7 2.9375 .080 .170 1705 .• 050 .104 45.0 .0 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 .o 

7 4523 
.o 

7 4523 
.. o 

7 4523 
.o 

7 4533 
10 

7 4533" .o 
7 4533 

.0 

9 2.9375 .080 .170 1318 ... 080 .137 45.0 .o 7 4543 

170 

.o 

.0 

.o 

.0 

.o 

.0 

119.0 233.0 277.9 291.2 294.6 295.7 296.2 296.4 296.5 .o 

9 2.937~ .080 .170 1326. ~080 .137 45.0 .o 7 4543 
117.8 231.4 283.0 298.8 304.0 305.2 305.7 306.0 306. 1 .0 

; 

9 2.9375 .080 .170 1319~ ~080 .131 45.0. .0 7 4543 
. 120.1 2~8.5 274.9 288.9 293.2 294.7 295.4 295.7 295.8 .6 

' 
9 2.9375 ~080 .170 1242 .• 090 .146 45.0 .0 7 4553 

127.7 242.5 283,5 29~-5 '299.0 300. 1 306.7 300.9 301.2 .o 

9 2.9375 .080 .170 1248 .• 090 . 149 45.0 .o 7 4553 
129~4 ~47.3 293.8 306.9 311.0 312.4 313.9 313.3 313.6 .o 

9 2.9375 .080 .170 1244 .. 090 .138 45.0 .0 7 4553 
122.3 230.3 273.8 286.6 290,9 292.6 293.4 293.5 293.8 .0 



APPENDIX C-I Continued 

. 21 3 4 

7 2~9375 .080. 170 1710 .• 048 .213 45.0 
120.1 196.0 216.4 221.8 223.8 224.2 224.4 

6 2.9375 .080 .170 1708 .. 049 ~138 45.0 
125.0 204.7 226.0 230.3 231.3 231.7 .o 
7 2.9375 .080 .170 1709 .. 049 .127 45.0 

123.8 227.2 261.5 268.6 270.5 271.2 271.3 

171 

.o 8 4533 

.o .o .o 

.o 8 4533 

.o .o .0 

.0 8 4533 

.o .o .0 

8 2.9375 .080 .170 1711 .. 048 .150 45.0 .0 8 4533 
122.1 246.2 371.0 413.4 421.9 423.5 423.8 423.9 .o · .o 
9.2.9375 .080 .170 1710. i048 ~154 45.0 .o 8 4533 

122.0 247.3 374.3 457.7 481.0 486.4 487.8 488.3 488.6 .o 
. 8 2.9375 .080 .170 1708 .• 050 .138 45.0 .o 8 4533 
119.7 244.8 373.3 482.2 519.1 526.9 528.8 529.3 .o .o 
9 2.9375 .080 .170 1709 .. 049 .109 45.0 .o 8 4533 

. 87.4 185.3 290.5 391.0 439.0 451.7 454.7 455.8 456.2 .o 
7 Z.9375· .080 .170 1704. ,047 .199 45.0 

125.0 190.5 206.1 210.3 211.2 211.5 211.7 

6 2.9375 .080. 170 1706 •• 047 • 134 45.0 
126:0 202.3 219.8 223.3 223.8 224.1 .o 
7 2.9375 .080. 170 1709 .• 050 . 122 45.0 

122.0 222.0 254.6 263.0 265.2 265.5 265.8 

7 2.9375 .080 .170 1707 .. 048 .148 45.0 
122;0 245.2 369.7 408.0 415,6 417.0 417~5 

.o 8 4533 

.0 .o .0 

.o 8 4533 

.0 .o .o 

.o 8 4533 

.o .o .0 

.o 8 4533 

.o ·.o .o 
8 2.9375 .080 .170 1708 .• 048 .153 45.0 .o 8 4533 

119.5 245.5 372.9 461.5 485;5 490.8 492.2 492.4 .o· .o 
§ 2.9375 .080 .170 1709 .• 048 .154 45.0 .o 8 4533 

118.5 242.7' 371.4 480.0 515.4 523.0 524.9 525.1 525.4 .0 

9 2;9375 .080 .170 1710 .. 048 .112 45.0 ,O, 8 4533 
92~1 189.0 295.6 399.8 449.5 463.0 466.2 467.1 467.6 .o 
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APPENDIX C-I Continued 

6 2.9375 .080 .170 1708 .. 050 .189 45.0 .o 8 4533 
118.2 188.0 206.6 211.2 212.5-213.0 .o .o .o .0 

7 2.9375 .080 .170 1710 .. 049. 136 45.0 
121.2 205.0 227.3 233.0 234.8 235.3 235.5 

.o 8 4533 

.o .0 .0 

7 2.9375 .080 .170 1707 .• 050 .120 45.0 .o 8 4533 
122.9 225.7 229.7 267.8 270.2 270.8 270.9 .o .o .o 

7 2.9375 .080 .170 1711 .. 050 .106 45.0 .0 8 4533 
83~0 186.3 278.4 314.0 322. 1 324. 1 324.7 .0 .0 .o 

8 2.9375 .080 .170 1709 .. 049 .136 45.0. .o 8 4533 
101.0 220.9 348.6 420.8 442.6 447.5 449.0 449.6 .o .o 

9 2.9375 .oao .110 1100 .. oso .119 45.0 .. o 8 4533 
90.0 190.1 303.4 396.1 430.3 437.3 438.8 439.6 439.9 .o 

9 2.9375 .080 .170 1711 .. 050 .126 45.0 .o 8 4533 
98.3 2oa.2 323. 4 441.1 49a.1 s11.1 s15. 1 516.6 s16.9 .o 
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APPENDIX C-I Continued 

15 3 5 

4 2.9375 .080 0170 1013. . 080 .135 45.0 .o 9 4563 
105.0 212.4 228.6 229.0 .o .0 .o ·.O . 0 . 0 

4 2.9375 . 080 . 170 10 11 . . 080 . 131 45.0 .0 9 4563 
89.5 205.0 232.6 232.8 .0 .o .0 .0 . 0 . 0 

5 2.9375 . 080 . 170 1015. .078 . 189 45.0 .o 9 4563 
99.6 214.4 330.8 337.2 337.3 .o .0 .o .o .o 
5 2.9375 .080. 170 1323 . • 061 . 148 45.0 .o 9 4573 
94.9 212.6 306.0 312.9 313.3 .o .0 .o • O · • 0 

5 2.9375 .080 .170 1320 . . 061 .118 45.0 .o 9 4573 
81.3 193.6 252~8 253,3 253.6 .o .o .o . 0 .o 
6 2.9375 .080 . 170 1316. • 064 . 121 45.0 .o 9 4573 
82.2 197.7 264.3 272.4 273.3 273.4 .o .o • 0 • 0 

8 2.9375 .080 .170 1707~ .048 .109 45.0 .o 9 4533 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 .o .o 
8 2.9375 .080. 170 1709 .. 048. 110 45.0 .o 9 4533 
90.8 207.8 283.2 303.6 307.5 308.5 309. 1 309.2 .o .o 
7 i.9375 .080 .170 170~~ .050 .104 45.0 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 

.o 9 453.3 

.o .o .o 
9 2.9375 .080 .170 1983 •• 040 .111 45.0 .o 9 4583 
94.7 209.2 312.2 350.4 360.0 362.3 363.2 363.5 363.7 .o 
9 2.9375 .080 .170 1983 .. 040. 105 45.0 .o '9 4583 
93.7 203.4 302.8 340.8 350.3_ 353. U 354.0 354.4 354.8 .o 

16 2.9375 .080 .170 1987 .. 040 .]22 45.0 .o 9 4583 
107.3 231.2 340.2 387.7 402.8 407.7 409.8 410.6 411.2 411.3 

10 2.9375 .080 .170 2397 •• 034 .109 45.0 .o 9 4593. ·. 
96.3 201.9 313.3 386.2 415.5.427.7 433.7 436.8 438.2 441.1 

16 i.9375 .080 .170 2399A-o034 .119 45.0 oD 9 4593 
98.3 210.8 335.0 419.0 453.7 466.2 472.5 475.2 476~3 478.S 

10 2.9375 .080 .170 2396 •• 034 .124 45.0' .o 9 4593 
102.9 220.6 341.7 429.0 471.2 488.5 495.6 499.4 501.7 506~1 



APPENDIX C-I Continued 

15 6 

8 2.9375 .080 .170 1707 •• 048 .109 45. .o 2 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 

8 2.9375 .080 .170 1709 .• 048 .110 45. .o 2 
90.8 207.8 283.2 303.6 307.5 308.5 309.1 309,2 

7 2.9375 .080 • 170 1705 •• 050 • 104 45. .o 2 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 .o 
8 2.9375 .080 .170 1707 •• 048 0109 45. .o 3 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 

8 2.9375 .080 .170 1709 •• 048 .110 45.. .o 3 
90.8 207.8 283.2 303.6 307.5 308.5 309. 1 309.2 

7 2.9375 .080 • 170 1705 •• 050 • 104 45. .o 3 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 .o 
8 2.9375 .080 .170 1707 ... 048 .109 45. .o 4 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 

8 2.9375 .080 .110 1709. · .o48 . no 45. .o 4 
90.8 207.8 283.2 303.6 307.5 308.5 309. 1 309.2 

7 2.9375 .080 .170 1705. 0050 . 104 45. .o 4 
92.7 206.6 274.0 292~0 .295.9.297.0 297.5 .o 
8 2.9375 .080 .170 1707 •• 048 .109 45. .o 5 
98~2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 

8 i.9375 .oao . 170 1709. ~048 . no 45. .o 5 
90.8 207.8 283.2 303.6 307.5 308.5 309.1 309.2 

7 2.9375 .080 .170 1705 •• 050 .H)4 45. .O 5 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 .o 
8 2.9375 .080 .170 1707 •• 048 • H)9 45. .O 6 
98.2 213.9 282.3 302.3 306.4 307.6 307.9 308.0 

8 2.9375 .080 .170 1709 •• 048 • l HJJ 45. .O 6 
90.8 207.8 283.2 303.6 307.5 308.5 309.1 309.2 

7 2.9375 .080 • 170 1705 •• 050 • H)4 45. .O 6 
92.7 206.6 274.0 292.0 295.9 297.0 297.5 .o 

174 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .0 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 4533 
.o .o 

10 453.3 
.o .o 



APPENDIX C-I Continued 

15 3 7 

6 2.8125. 105 .228 1707 •. 048 .060 45.0 
100.0 208.7 278.6 290.0 291.3 291.5 .o 
6 2.8125 .105 .228 1710 .• 048 .067 45.0 

112.0 225.4 316.8 334.7 336.0 336.0 .o 
6 2.8125 .105 .228 1707 .• 048 .069 45.0 

112.3 229.7 322.2 338.2 340.0 340.3 .0 

6 3.0000 .092. 194 1709 .. 048 .086 45.0 
112.3 227.0 305.1 324.0 327.4 328.0 .o 
7 3.0000 .092 .194 1707 .. 048 .089 45.D 

120~8 241.7 319.7 337.1 340.0.340.6 340.8 

7 3.0000 .092 .194 1714 .• 048 .094 45.0 
122.0 247.3 328.6 349.0 352.3,353.0 353.2 

175 

.o 11 4531 

.o .o .o 
• 0 11. 4531 
.o .o .o 
.o l1 4531 
.Cl .o .o 
• 0 11 4532 
.o .o .o 
.0 11 4532 
.o .o .o 
.o 11 4532 
.o .o .o 

8 2.9375 .080 .170 1707 .. 048 .109 45.0 .o 11 4533 
98.2 213.9 282.3 302.3 306~4 307.6 307.9 308.0 .o .o 
8 2~9375 .080 .170 1709 .. 048. 110 45.0 .0 11 4533 
90.8 207.8 283.2 303.6 307.5 308.5 309. 1 309.2 .o .o 
7 2.9375 .080 .170 170~ .. 050 .104 45.0 .0 11 4533 
92.7 206.6 274.o 292.0 295.9 297.0 297.s .o .o .o 

10 2.8750 .063. 137 1707 .. 048 .037 45.0 .o 11 4534 
15.6 31.2 42.8 50.6 54.3 56.3 58.0 59.1 60.2 67.2 

10 2.8750 .063. 137 1706 .• 048 .038 45.0 .0 11 4534 
15.3 30.4 41.9 49.1 53.4 S6~o 57.5 58~4 59.3 67.1 

10 2.8750 .063. 137 1714 .. 048 .040 45.0 
15.4 30.7 43.9 51.5 56.0 58.6 60.3 

16 i.6700 .054 .113 1709 .. 047 .190 45.0 
.2 .4 .6 .9 1.0 1.2 1.3 

10 2.6700 .054 .113 1709 .. 047 .199 45.0 
.1 .6 .7 .8 1.0 1.3 1.5 

10 2.6700 .054. 113 1711 •. 047 .200 45.0 
.2 .4 .7 .9 1.1 1.4 1.7 

.o 11 4534 
61. 7 62 . 7 7 L O 

.o 11 4535 
1. 5 L 8 207. 7 

.0 11 4535 
L 7 2.0 233.0 

.o n 4535 
1.8 2.0 239.3 
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16 3 8 

7 2.9375 .080. 170 1712. • 048 • 115 45.0 ,42. 2 14 4533 
86.3 200.0 296.0 327.5 331.8 332.0 332.2 .o .0 .0 

6 2.9375 .080 .170 1704. .048 .125 45.0 58.2 14 4533 
97.0 212.9 316.4 354.2 357.9 358.0 .0 .o .o .0 

7 2.9375 .080 .170 1710. .048 .128 45.0 57.0 14 4533 
95.2 211.8 316.9 362.7 368.0 368.3 368.5 .o .o .o 

6 2.9375 .080 .170 1705. .048. 121 45~0 51.9 14 4533 
95.0 211.J 314.8 352.2 355.2 355.4 .o .0 .o .0 

6 2.9375 . 080 . 171() 1711. .048 .·131 45.0 68.5 14 4533 
99.5 215.8 323. 1 367;5 372.0 372.4 ' • 0 ' . 0 .0 .0 

7 2.9375 .080 .170 1711. .048 .138 45.0 63.3 14 .4533 
100.7 216.9 327.3 385.9 392.7 393.2 393.3 .o .• O· .o 
10 2.9375 .oso. 170 1101 . • o48. 170 45.0 u28.3 14 4533 
115.0 232.9 317;0 381.8 427.1 457.4 474.2 479,9 480.7 480.9 

10 2.9375 .080 .170 1704 .• 048 . ~73 45.0 129.4 ~4 4.533 
120.5 239.6 .328.8 399.·4 4!t,8.S 4TJ.7 49L.2 495.3 495.9 496~2 

10 2.9375 .oao. 170 1708 .. o48 .2uo 4s.o 237.4 14 4533 
124.4 233.4 295,8 340.4 375.7 413.5 460~1 520. 1 557.2 581.8 

., 

10 2.9375 .080 .170 1706 .. 048 .203 45.0 237.6 14 4533 
123.9 231.4 296.5 341.2 373.6 403.1 441.3 507~8 562.3 ~87.D 

10 2.9375 .080 .170 1705 .. b48 .208 45.0 213.4 14 4533 
126.2 238.8 302.1 346.2 381.9 420.7 468.5 531.8 571.3 589.0 

10 2.9375 .080 . 170 1708 .. 048 .208 45.0 234.2 14 4533 
126.7 239.8 313.0 363.0 400.4 435.6 481.0 547.1 587.9 607.6 

10 2.9375 .080 .170 1710 .. 048 .223 45.0 265.7 ]4 4533 
124.3 233.4 296.9 340.4 375.0 410.1 460.5 541.1 605.8 654.6 

10 2.9375 .080. 170 1708 .. 048 .206 45.0 345.0 14 4533 
112.1 180.6 216.6 244.8 272.6 298.0 330.0 382.7 441.4 578.2 
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10 2.9375 .080 .170 1708 .. 048 .215 45.0 363,5 14 4533 
115,7 184.6 223. 1 2s1.7 211:1 304.o 338.9 396.1 461.4 599,3 

10 2.9375 .080 .170 1709 .. 048 .222 45.0 410.6 14 4533 
115.5 185.0 220.0 244.4 269.8 297.8 331.0 385,3 447.8 619.2 
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APPENDIX C-II 

COMPONENT EQUATION DATA 

Pl 6 .4705 

Pl 7 3.7836 STD DEV .0609 

Pl 8 .8619 STD DEV .0145 

Pl 9 .0505 STD DEV .0007 

Pl 10 21.2464 

Pl 11 .5788 

Pl 14 .0000 

Pl 2 p Pl 7 Pl 8 Pl 9 

35.0000 0 9.159 3.7n9 .8440 .0503 
35.0000 .909t 3.6955 .8569 .0493 
35.0000 .9162 3.6977 0 8780 .0493 
45.0000 .9165 3.7741 .8546 .0503 
45.0000 .9159 3.7786 .8491 .0504 
45.0000 .92 H> 3.9268 .8661 .. 052.3 
55.0000 .9394 3.7786 .8553 .0504 
ss~oooo .9375 3.7874 .8535 .0507 
55.0000 .9349 .:L 7741 . 89((] 1 ,(0503 
65.0000 .9340 3.7808 .8485 .0505 
65.0000 .9206 3.7852 .8820 .0506 
65.0000 .9192 3.8528 .8644 .05~4 
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APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 7 3.7716 STD DEV .0588 

Pl 8 .8602 STD DEV . 0 ~ 15 

Pl 9 .0503 STD DEV .0007 

Pl 10 21. 2464 

Pl 11 .5927 

Pl 14 .0000 

Pl 6 p Pl 7 Pl 8 Pl 9 

. 1904 .9492 3.7042 .8673 .0495 

. 1904 .9509 3.7042 . 8608 .0495 

. 1904 ,9522 3. 7042 .8757 .0495 

.3214 .9]61 3.7741 .848~ .0503 

.3214 .9277 3.7808 .8593 .0505 

.3214 .9272 3.7786 .8472 .0504 

. 4705 .9]65 3.7741 .8546 .0503 

. 4705 .9159 3.7786 .8491 .0504 

. 4705 .92 HJ 3.9268 .866] .0523 

. 7228 .7873 3.7786 . 88 ·ua .0504 

.7228 .8076 3.7764 .8647 • O 504 

.7228 .7826 3.77S6 .8471 .0504 
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APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 .4705 

Pl 8 .8650 STD DEV .0140 

Pl 9 .0504 STD DEV .0006 

Pl 10 21. 2464 
.. 

Pl 1 1 . 5788 

Pl 14 .0000 

Pl 7 p Pl 8 Pl 9 

3.3554 • 8987 .8815 .0502 
3.3589 .8883 .8453 . 05~)3 
3 • .3589 .9124 .8706 .0503 
3.7741 .9165 . 8546 .0503 
3.7786 .9159 • 8491 .0504 
3.9268 .9210 .8661 .0523 
4.8568 .9372, .8477 .0500 
4.8863 .9245 .8699 .0506 
4.8605 .9293 .8838 .osou 
5. 1488 .9412 .8575 .0499 
5. 1737 .9368 .8706 .0504 
5. 1571 .9319 . 8835 • 05(.H 
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APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 . 4705 

Pl 7 3.8416 STD DEV .0824 

Pl 9 .0513 STD DEV .0011 

Pl 10 21. 2464 

Pl n .57Q8 

Pl 14 .0000 

Pl 8 p Pl 7 Pl 9 

.3180 .9643 3.7808 .0505 

.5075 .9753 3.8550 .0514 

.6453 .9638 3.8573 .0515 

.8527 .8752 3.7830 .0505 

.9578 .7660- 3.7808 .0505 
L 1593 .7052 3.9337 .0525 
1. 2643 . 6367 3.8573 .0515 
.3223 .9735 3.6890 . 0491 
. 5061 .9808 3. 6933 .0492 
.6581 .9578 3. 9.360 · .0525 
.8531 .8855 3.7741 .0503 
.9727 .7573 3.7764 .0504 

L0306 .7068 3.7186 0 0 5(0)4 
1. 2605 .6321 3. 7808 .0505 
. 3406 .9699 3.9337 .0525 
.5228 .9651 3.8595 .0515 
• 6827 .8479 3.93u4 • 0524 · 
.9242 .8574 3. 9406 .0527 
.9986 ,77/53 3.8573 .05]5 

L 1173 .6897 3.9337 .(0)525 
1.2378 .6256 3.9406 .0527 
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APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 .4705 

Pl 7 3.74~5 STD DEV .0798 

Pl 8 .8685 STD DEV .0225 

Pl 10 21. 2464 

Pl n .5788 

Pl 14 • 0000 

Pl 9 p Pl 7 Pl 8 

.0295 • 9982 3.7329 • 8645 

.0294 .999'1 3.7255 .9074 

.0289 .98(()7 3. 6467 .9071 

.0384 .9766 3.7~73 • 8260 

.0.382 .9968 3.7089 . 8405 

.0399 .9667 3.8795 • 8864 

.0503 .9165 3.774! .8546 

.0504 .9159 3.7186 • 849 ~ 

.0523 .92 H) 3. 9268 • 866'6 

.0566 . 8583 . 3.6536 . 8530 

.. 0566 .8534 3.6536 .8797 

.0568 .8271 3. 66H)) • 8759 

.0703 • 7Hll2 3.7540 .87]6 

.0704 • 7oo·u 3.7571 .8653 

.0702 .675] 3.7524 .8794 
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APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 .4705 

Pl 7 3.8265 STD DEV .0734 

Pl 8 .8566 STD DEV .0073 

Pl 9 .0510 STD DEV .0009 

Pl 11 .5788 

Pl 14 .omm. 

Pl 10 p Pl 7 Pl 8 Pl 9 

14. 1643 .6944 3.7141 .8546 .0503 
14. 1643 .6720 3.7186 • 8491 • 0504 
14. 1643 .6944 3.9268 .8661 .0523 
21. 2464 .9165 3 .• 7741 .8546 .0503 
21. 2464 .9159 3,7786 .8491 .0504 
2 L 2464 .92Hl 3.9268 .8661 .1Ql523 
28. 3286 .9814 3.774~ .8546 . 0503 
28. 3286 .9818 3.7786 .849'! .0504 
28.3286 .9815 3.9268 .866] .0523 
35.4107 • 991+8 3.7741 .8546 .l0503 
35.4107 .9945 3.7786 .8491 .05(04 
35.4107 .9946 3.9268 .866~ .0523 
42.4929 .9987 3.7741 .8546 • ([))503 
42.4929 .9977 3.7786 .8491 .0504 
42.4929 .9983 3.9268 .8661 .0523 



184 

APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 .4778 

Pl 7 3.77/27 STD DEV .0533 

Pl 8 ,8603 STD DEV .0188 

Pl 9 .0503 STD DEV .0006 

Pl 10 2 L 2464 

Pl 14 .0000 

Pl 11 p Pl 7 Pl 8 Pl 9 

.4315 .9557 3.77/4'1 .8531 .0503 

. 4315 .9428 3. 7$08 .8791 .0505 

. 4315 .9468 3.714] .8661 .0503 

. 5072 .930] 3 .77/86 .8662 .0504 

. 5072 .9380 3.774] a 870] .0503 

. 5072 .9303 3.7896 .8509 .0507 

.5788 .9165 3.7141 .8546 • (!) 5())3 

.5788 .9159 3.7186 .849~ • (0)5([))4 
,5788 .92 HJ 3.9268 .866d .t0J523 
.7182 . 6369 3.77/4] .864l .0503 
. 7182 .6244 3.71]9 .8406 ,0503 
.7182 ,6183 3.7896 • 84 ~ 1 · .0507 
. 8707 .0028 3.6998 .8223 .01494 
.8707 . 0030 3.6998 . 8807 • ((])494 
. 8707 .0029 3. 7042 0 8989 O Oli49 5 



185 

APPENDIX C-II Continued 

Pl 2 45.0000 

Pl 6 .4705 

Pl 7 3.776] STD DEV • Ol056 

Pl 8 .8632 STD DEV .0158 

Pl 9 .0504 STD DEV • (0)001 

Pl H) 2 L 2464 

Pl 1 1 .5788 

Pl 14 p Pl 7 Pl 8 Pl 9 

0 1270 .8910 3.7852 .87n • (0)506 
. 1625 • 8837 3.7675 • 8677 • rDl SIOJ ~ 
. 1546 .8599 3.7808 .8691 .(0505 
• 1460 . 8857 3.7697 .8893 .05l02 
. 1839 .8676 3. 7 83l0l .8571 • O 505 
. 1609 .832~ 3. 783(0) .8599 • 05(05 
.2667 0 659 l 3.7741 .8555 .0503 
.2607 .6626 3.7675 . 8690 .0501 
. 4080 . 5084 3.7764 .8374 .05t04 
. 4047 .5051 3.7119 .8750 .(0)50!3 
.3623 .5129 3.7697 .8574 • 0 5(0)2 
.3854 .5151 3.7764 • 8829 .05014 
. 4058 .4535 3. 7808 • 8862 0 0505 
.5966 .3746 3.7764 .8484 • (Q)5ij&if 
. 6065 .3722 3.7764 .8425 • (0)5(0)4 
.6631 .3552 3.7186 .8425 • O 504 
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APPENDIX C-III 

EVALUATION OF MODEL II PREDICTION EQUATION 

p OBS p CAl DIFF PERCENT 

.9159 .9068 -.0090 -. 987 

.909] .90714 -, 00 ·i 7 -. ·192 
,9162 .8971 -.Ou90 ='2.077 
.9165 .9001 -.0164 -L 791 
.9159 .9017 -.0141 -1.545 
• 92 ·w .882l -.0388 -l-L 22 1 
.9394 .9t27 -.0266 -2.837 
.9375 .. 9~ ,rn -.0256 -2. 7 3 ., 
. 9349 ,897~ -.0378 -4 0 0143 
.9340 .9444 .0104 1. n9 
. 9.206 • 928 ·1 .0074 .807 
.9192 .9317 . ()n25 1. 365 
.9492 .9499 • 0006' .07i 
~9509 ,9529 .00]9 .209 
,9522 .9459 -.0062 -.655 
.916~ ,9304 .• (JJ'u42 L559 
.9277 .924u -,1)036 -. 388 
.9272 ,9300 . 0027 .295 
.9165 , 900 l -.0~64 -·1 ,791 
.9159 "901] 7 -.O~!d -·i ,,545 
. 92 ·m 0 882 ., -.0388 -14. 22 ~ 
.7873 .7844 - 0 ())0:29 -.380 
.8076 .7929 -. (iq 46 _., .8]9 
,7826 0 8004 O OJ~ 78 2.275 
.8987 .8840 -.0~147 _,, .644 
.8883 .8999 .OU6 'j O 307 
.9 r,4 .8884 -.0240 -2. 6,33 
0 9165 . 900·1 - 0 [Qq 64 _,,·, 0 79·1 
,9]59 ,90~7 -.on&.i:·11 -L545 
.92~0 , 882. u -.0388 -iL 22u 
.9372 ,9375 . 0003 .034 
,9245 .9241 ~= 0 0[))()) 3 -.039 
.9293 ,9204 - 0 0[))89 -.958 
. 9·4 lZ .9474 .0062 .659 
,9368 .9390 0 ((lJ(Q)2 ., '''9 n&=, 

09319 .93414 0 25 .269 
. 96143 .9651 • 0(0HJ7 .081 
,9753 ,9759 .0005 0 053 
,9638 .96ou -.(()037 -. 387 
, 8752 .899)3 .024~ vi) 7 rc7 

if., 0 ' ';} 

,7660 .8458 .0797 u0.4uo 
.7052 .6920 =.OB:2 -, ·u. 880 
. 6367 .6053 =.03u4 =4 0 9Jci.2 
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APPENDIX G-III Continued 

p OBS p C1~l DIFF PERCENT 

.9735 0 9751 • OlOl 15 . ] 6 'j 

.9808 .99)02 0 0094 .962 

.9578 .9506 -.0072 -.752 

.8855 .9007 . 0152 1.724 

.7573 .8379 .0806 ~0.643 

.7068 .80~0 .094'1 l3.]18 

.6321 .6153 -,(Qq68 =2.658 

.9699 .9566 -.«H33 -1.37li, 

.9651 .9744 • (0093 .965 

.8479 .9459 ,0980 ~ ~ 0 566 

.8574 .8503 -.0070 -.822 

.7753 . 8'!48 .0395 5 0 [))9 8 

. 6897 .7254 .0357 s. ·ms 

.6256 0 6223 -.0033 -0 .534 
,9982 ~. 0068 0 0(0)86 .865 
0 999] .986~ -.«:H'.£9 = 1 >> 30 ~ 
. 9807 ,9865 .0058 0 :594 
.9766 ,9869 .«:H02 ] 0 014 7 
.9968 0 98 'i 5 -. l[H 53 -L535 
.9667 0 9545 -.otz·i -L257 
.9165 0 900 'j -.0164 - 'j O 79 ~ 
.9159 .90~7 -.0~4~ =~L 545 
.92 HJ .882~ =. i().388 -ILL 22:2 ~ 
,8583 .ij475 - . 0 l08 -~ "266 
.8534 0 835 ~ -. {H83 -:z. Po 
0 827 'ij 0 8.3,4'9 . 0078 .948 
.7]02 0 6986 -.(Q)H5 -L629 
0 '70((] ] • 7lOJO:! • [»OlQl 1 0 (J''). 7 
. 675 'ij 0 6956 • . 0204 3.03:2 
.6944 .7]80 ,0235 3,388 
.6720 0 7 ~96 ,l0J475 1 .(nB 
.6944 .6999 .0055 0 798 
.9]65 0 90([JJ 'j =.0~64 - ~ 0 79] 
.9~59 0 9017 -·.(n4·u ~ tc; 14 5 =-:.:, u O ~ P -

• 92 H)) ,882~ ~·.0388 -~4 0 22. ~ 
.98~4 1 .Ol052 .0237 2.4]5 
.98]8 ~ .OOJ68 • (0):249 2.539 
.9815 ,,987] .0056 .578 
.9948 ~ 0 0332 .0384 3,860 
.9945 ., 0 0.348 0 (Q)~,03 4.054 
.9946 ~ .i0l]5] . 0205 2,,068 
.9987 '9)8!~] -.[))~45 -],456 
.9977 .9857 -.{H ]9 -·1,]99 
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APPENDIX C-III Continued 

P OBS P CAL DIFF PERCENT 

.9983 .966] -. 032 'ij =3.223 

.9557 .9434 -.(H22 -L283 

.9428 .930] -.((H26 -L345 

.9468 .9375 -. 0092 -.975 

.9301 .9466 .0164 1. 770 

.9380 .9453 .0072 . 7Tl 

.9303 .9515 .02H 2.278 

.9]65 • 90(0) ] -.0]64 -L 791 

.9]59 .90]7 -.0]4] -u.545 

.9210 .8821 -.0.388 -~4. 221 

.6369 .6080 -.0288 -4.533 

.6244 .6]89 -.0054 -. 874 

.6183 . 6'154 -.0028 -. 46'0 

.0028 • IIJJ'.2 7 5 .0246 .852720]9E 03 
• 0030 .00]3 -.00~6 -53.709 
.0029 -.0084 -.OH3 -.387652.32£ 03 



APPENDIX C-IV 

RAW DATA FOR TESTING PREDICTION EQUATION 

9 3 5 

5 2 0 9 3 7 5 . 0 80 . 170 n 86 . . 074 .]32 45.0 .0 
87,8 201.8 258.2 262.3 262.5 .o .0 0 (Q) 

6 2.9375 .080. 170 1189 . . 074 . ]16 45.0 .0 
69.8 174.6 228.7 233.8 234.1 234.2 O lOJ 0 (Q) 

5 2;9375 .080 . 170 H 88. 0 074 . l22 45.0 0 (Q) 

74.3 181.5 232. 1 235.9 236~2 .0 .0 .0 

8 2.9375 .oso . 170 1612 .• os4 .1 n 4s.o .oi 
87.2 203.8 272.5 291.2 294.9 295,7 295.8 296.0 

8 2.9375 .080 .170 1606 .. 055 .112 45.0 .o 
90.2 204.5 273.7 292.7 296.S 297.4 297.6 297.7 

8 ~-9375 .080 .170 1611 .• 054 .110 45.0 .0 
87.0 200.7 266.S 284.5 287.7 288.4 288.8 288.9 

9 9 
.0 

9 9 
.o 

9 9 
.0 

9 9 
.0 

9 9 
.o 

9 9 
. 0 

9 2.9375 .oso. 170 1806 .. 049. uij6 4s.o .o 9 9 

189 

.o 

0 (0 

.0 

.o 

.o 

• 0 

87.8 197.9 279.1 308.2 315.6 317.2 317.8 318.0 318. 1 .o 
9 2.9375 .080 .170 1810 .. 048 .111 45.0 .o 9 9 
89.5 208.2 292. 1 320.7 328. 1 330.0 330.7 331.0 331.2 .o 
9 2.9375 .080 .170 1810 .. 047 .~09 45.0 .0 9 9 
87.0 204.1 295.7 327.8 335,3 337.3 338.0 338.3 338.4 .o 



Pl 2 

Pl 6 

Pl 7 

Pl 8 

Pl ]0 

Pl n 

Pl ~4 

Pi 9 

. 03 714 

.0376 
,Ol,376 
,0505 
Al5]0 
,05014 
.0575 
.0566 
• !Ql554 

APPENDIX C-V 

COMPONENT EQUATION DATA 
FOR 

TESTING PREDICTION EQUATION 

45.0000 

,4705 

4.025.2 STD DEV 

,8578 STD DEV 

2~,2464 

.5788 

. 0 lOJ (Q) (Q) 

p Pi 7 

,, 983)6 ·4!. 042 6 
,9765 IL 0528 
0 98:26 ~Io 0494 
.9206 4,0096. 
,,9 ~ 9J JLi .• 0687 
. (~r2~) ,4 :4,(~0711 
: 'B'i111 ILi:,0!762 
BB'uq 

0 ~ ~i. oo 'u 9 
,8738 3-0 ;ji U 85 

190 

, (Q) 483 

.«H54 

Pi 8 

08656 
,8766 
,84~3 
0 84614 
, 8.5414 
0 84'!6 
,8578 
o 85 HJ 
,8B55 



APPENDIX D 

CAi;,IBRATION CURVE FOR VOLUME 
MEASURING MANOMETER 

CALIBRA~ION CURVE FOR VIBRATORY FEEDER 
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CALIBRATION CURVE FOR VOLUME 
MEASURING MANOMETER 
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CALIBRATION CURVE FOR VIBRATORY FEEDER 
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APPENDIX E 

FORTRAN PROGRAM 

SELECTED SAMPLE CALCUIATIONS FOR A MULTI-SCREEN SYSTEM 
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APPENDIX E-I 

FORTRAN PROGRAM 

C PAUL TURNQUIST 
C SEPT 3, 1964 
C APPLICATION OF PREDICTION EQUATION 
C TO 3 SCREENS IN SERIES 
C IBM 1620 FORTRAN WITH FORMAT 
C Al= A(2p2)/A(]v2) 
C A2 = A(3,2)/A(2~2) 
C l2 = MAXIMUM LENGTH OF SCREEN 2~ INCHES 
C L3 = MAXIMUM LENGTH OF SCREEN 3, INCHES 
C P162 = VALUE OF Pi 6 FOR SCREEN 2 
C Pl63 = VALUE OF Pl 6 FOR SCREEN 3 
C Q1 = FEED RATE TO .SCREEN ONE~ ~BM PER SEC PER 
C INCH OF WIDTH 
C SENSE SWITCH~ ON~ PUNCH OFF= TYPE 
C SENSE SWITCH 2 ON= TYPE K~PCAl 

DIMENSION A(3,5) 9 B(3) 
READ 99p A LA2 
TYPE 99,A1p,A2 
READ 100jl2,l3~Pi62PP163 
TYPE 100,Li 9 l3,Pi62,Pi63 
P18M = .59216929/(2.~.61024423) 
Pl10M = (5.2918966E-02/(2.*7.6819983E-04)) 

5 READ 90,Pl29Pl6,P!7~Pl8PP19 
READ 91,Pi10,P11] 
K = 0 

195 

CEY = ((Pi9*4.11E-05)*. 1412)/(~i7*2.73E-09) 
A (1 , 2 ) = . 09 84 / P I n 
AMP= ((P17*2.73E-09)*385.728)/((CEY*4.11E-05)*. U4~2) 
K = K + 1 . 
GO TO 14 

11 TEST= AL/.1412 
I F(Pi 10M-TEST )~2 9 ~2v 13 

12 Pl10 = P110M 
GO TO · 'u4 

1 3 P I 1 0 = T EST 
14 Pl = -.9n5902 + (-6.3099464E=03*Pi2) 

PA= Pu+ (7.685809~E-05*(Pi2**2)) 
PB= PA+ c~s.BB51930E-02*Pl6) + (-.2302662S*(Pi6**2)) 
P2 =PB+ (-8.3348270E-02*Pi7) · · 
PC= P2 + (1.3077284E-02*(Pi7**2)) 



60 

61 
16 
20 
21 
17 

18 

19 
29 

30 

APPENDIX E-I Continued 

PD= PC+ (.59216929*Pl8) + (-.6]024423*(Pi8**2)) 
PE= PD+ (3.0397990*P!9) + (-105.34173*(Pij9**2)) 
P3 =PE+ (5.29u8966E-02*P!10) 

196 

PG= P3 + (-7.6819983E-04*(Pi 10**2)) . 
PCAL m PG + (6. 1202l31l';~P! H) + (-6.3257509*(Pi H**2)) 
IF(PCAL-0,0)60 9 60v61 . 
TYPE 1]1 9 K 
GO TO 5 
IF(1,0-PCAL)5v5 9 16 
IF(SENSE SWITCH 2)20v21 
TYPE ]03~K,PCAL 
Go ro(u793oDsol~K 
A(l,3) = A(] 9 2)*Pi6 
A0 9 14) = .~ft.+·~2 * PIH'» 
Q1 = (((.0503*CEY)*Pi8)*(A(1,2)**2)) 
8(1) ~ Q1 · 
Q2 = (1.0-PCAL)*B(1) 

. 8(2) sm Q2 
AU,O=LO 
Pi6 !§! Pi62 
P I 8 _!':al P i 8M 
A(2, 1) = 2.0 
A(2 9 2) = A1*A(1 2) 
iF(A(2,2)-.0984,5,5,18 

.Pl 11 = ,0984/A(2,2) 
I F ( P I H ~ . 4 3) 5 , ·i 9 1, 19 
iF(P! H-.88)29,::l9v5 
AL= L2 
K = K + 1 
GO TO n 
A(2,3) = P!6*A(2 9 2) 
A ( 2 v 4) = PI u o~'t' • 1 ·4 u 2 
Q3 = (1.0-PCAL)*Q2 
B(.3) = Q3 
K. = K + ] 
A(3p O = 3.0 
Pi6 = PJ63 
Al= L3 
Pl8 = Pi8M 
A(3 9 2) = A2*A{2~2) 



31 

32 
33 

50 

70 

52 

54 

90 
91 
99 
~ 00 
l03 
~05 
1] 06 
~07 
HJ8 
109 
no 
~H 
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APPEN'DIX E-I Continued 
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APPENDIX E-II 

SELECTED SAMPLE CALCULATIONS FOR A MULTI-SCREEN SYSTEM 

FEED RATE .020 

p FOR SYSTEM ,9999 

FREQUENCY 28. 38 CPS 

AMPli TUDE OIQ\2,46 INCHES 

SCREEN APER Di A LENGTH 

LO • 'u 700 .0799 2 ,,9~1 

:.LO ~ '~30 • u"' .0765 i4,. 86 

3. o ·. 0777 .0688 4,86 

FEED RATE .051 

p FOR SYSTEM • 9'999 

FREQUENCY ~)a ·· 3 
!k,, .4., CPS 

AMPLITUDE Q"'.15·1 
I) &... ~ rnCHiES 

SCREEN APER D!A LENGTH 

LO • t 700 .0799 1 9'9 ~'-', ,;::' 

2.0 • u 530 0 0765 4.86 

3.0 • ] 530 .0765 ilL86 
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APPENDIX E-II Continued 

FEED RATE .042 

P FOR SYSTEM .9996 

FREQUENCY 32.95 CPS 

AMPU TUDE .020] INCHES 

SCREEN APER D!A LENGTH 

LO 0] 700 .0799 2.99 

2.0 • ·u 530 .0765 4.86 

;LO • ·i .530 .0765 ·4. 86 

FEED RATE 0 (QJ 50 

p FOR SYSTEM .9893 

FREQUIENCY .39,83 CPS 

AMF'U TUDE • Cl~ 7 u !NCH/ES 

SCREEN APIER DIA LENGTH 

LO . u100 0 (0) 79'9! 1 99 &, 0 

2.0 0 ~ 530 .0765 ,4. 86 

3,0 • ] 5.30 .0765 4,86 
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