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ABSTRACT 

Experirnents were pafomied to investigate the d e c t s  of inserts on flow behavior of 

cohesive materials storeci in a two-dimensional wedge-shaped mode1 bin. A hopper halfangle 

of 60 degrees and an opmuig of 3 8 mm were employed in the tests. A video ûunera was used 

to record images of flow patterns of the stored materiai during discharge. A computer image 

processing tool was used to  analyze the acquued images to detennine the influence of inserts 

on flow patterns and velocity profiles. The discharge rate was measured by using transducers. 

A cornputer-controlled data acquisition unit was used to record data. 

The tests were perfomied without inserts, with k e d  inserts, and with rotating inserts 

installed in the bin. For the tests with tixed inserts, the heights of  the inserts were 83, 174, 

261, and 450 mm from the bin outlet to the bottom of the insert, and for the tests with 

rotatlig inserts, the heights of the insens were 53 and 174 mm £?om the bin outlet to the 

bottom of the insert. Each test was repeated three times. 

The introduction of the k e d  insert at a height of 2 16 mm and the rotating insert at 

a height of 174 mm improved the flow qudity to the point where the bin was emptied without 

human intervention. Inserts caused significant changes to flow patterns and velocity profles. 

Flow was improved more by increasing the insert height fiom 83 to 26 1 mm and from 53 to 

174 mm for the k e d  insert and for the rotating insert, respectively. Compared to the fiow 

rate without inserts, the average flow rate increased 15% and 28% for the fixed insert at 174 

mm and at 26 1 mm, respectively, and 2 1% for the rotating insert at the height of 1 74 mm. No 



M e r  improvernent in flow was observed by increasing the height of the fixed insert &er 

26 1 mm. The rotating insert performed better than the nxed inserts did in improving materid 

flow. 
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1. INTRODUCTION 

Handihg and storage of bulk soiid materiais such as grain, flour, animai foodstuffs, 

fertilizer and various industrial powders play an essential role in the agriculture and food 

indum. Gravity discharge of bulk solids is commody used in many industries to unloaci 

materials nom storage facilities. In gravity discharge, materiais flow toward the outlet located 

at the bin bottom when the discharge gate is opened. Flow problems of stored materials often 

occur because of irnproper design of the bin. The most cornrnon flow problems include 

arching, rathole, and segregation. Arching results in irregularities in flow patterns. When an 

arch or rathole is broken either on its own or by manual intervention, the resdting coilapse 

of materials can contain enough force to damage the bin. 

Gaylord and Gaylord (1984) have reported that the type of flow pattern in bins 

depends on the shape of the bin, the roughness of its interior surfaces and the properties of 

stored materiais. Several patterns of flow during discharge are possible. Two principal modes 

of flow are mass flow and Funne1 flow. The terminologies used in this study to describe the 

flow of chop feed are those defined in the ASAE Engineering Practice dealing with loads 

exerted by free flowing grains on bins(ASAE 1989). Fumel flow is defined as "flow from a 

bin in which al1 grain movement occurs through a central core with no movement occumng 

along the bin wall." Mass flow is described as "flow fiom a bin in a manner such that 

movement occurs along d or part ofthe bin wall" (ASAE 1989). 

Various methods have been used to change the flow mode. Extremely cohesive bulk 

solids, such as clays or caked sait, may have flow properties that require very large bin outlets 

to prevent a stable material arch from forrning. Flow aid devices such as vibrators and air 



blasters are aiso used to break arches. However, because cohesive materials are sensitive to 

the over-compaction caused by these devices, they may be unsuitable in some cases. The bin 

insert is an alternative- uiverted cones and pyramids have been used for years in this regard 

but with limited success. Selection and installation of a 'correct' device can provide a qui& 

practical solution to the problem of a poorly flowing hopper. The seleaion of a 'wrong' 

device may have the reverse effect and lead to more problems than it solves. 

In this study, experiments were conducted on a wedged-shape bin to examine the 

eE's of inserts on flow behavior of cohesive rnaterials. 



2.1 Formation of  arching 

Laforge and Bad (1964) studied the formation of an arch by observing the 

movements of particles in a model bin. Their observations revealed that converging particle 

flow paîhs could best be described as turbulence in which particles collided and rebounded, 

resulting in erratic movements inward, outward, and upward, as weii as downward, and thus 

the periodic breaking of a temporary arch could be observed. They thought that intemal 

pressures within the mass of materials in a hopper compacted cohesive matenals into a solid 

mass, and thus an arch fonned over the hopper opening. They pointed out that these pressures 

were not uniform throughout the mass, and were not equal in aiI directions as in liquids. 

Ienike (1 964) proposed a predictive model to determine the minimum dimension of 

the opening of a bin to prevent an arch or a dome fkom fomiing. An arch and a dome were 

defked by the flow charnels in which biockages formed. An arch formed if the channel was 

wedged-shaped and a dome if it was a conical channel. He assurned that the blockage 

consisted of self-supporthg arches or domes so that the upper and Lower boundaries were 

fkee surEaces. The minor principal stress (norrnai to the 6ee surfaces) was zero at any section, 

and the correspondmg major principal stress was tangential to the arch. Because the 

maximum shear stress for this stress state was on planes at 45" with the principal direction and 

was equal to one-haif'of the major principal stress, the maximum span of an arch which could 

be self-supporting under this stress state was attained when the shear stresses on the vertical 

sections at the abutments were equal to their maximum values. He postdateci that this 

condition was realized when the major principal stress at the abutments equded the 



unconfinecl yield strength of the solid and aaed at 45" with the horizontal. Therefore, the 

foîiowing equations to predict the rninirnum dimension of the bin o p h g  were derived: 

1) For a wedge-shaped bh, the rectangular openhg width was: 

2) For a conical bin, the diameter of a circular opening was: 

where: 

b = minimum width of a rectangular opening (m), 

g = gravitational acceleration (ds3, 

f = unconfined yield strength of solid (Pa), 

y = bulk density of solid (kg/m3), 

d = minimum diameter of a circular opening (m). 

Eqns. (2-1) and (2-2) were correct only for 6=0. Jenike (1964) argued that the 

required outlet diameter was dso a fiindon of the hopper half angle 8, and thus, his solution 

26  1-36 
gave values ofb for wedge hoppers varying essentially linearly from - at 0=0 to - at 

gY gY 

2E 2 -6fc 
0=60°, and values of d for conicd hoppers ranged from - at 8 4  to - at 040" .  

gY gY 



2.2 FIow patterns 

Flow pattems of granular materials have been observai by rnany researchers 

(O'Cailaghan 1960; Giunta 1969; Brown and Richards IWO; Bransby and Blair-Fish 1974; 

Moriyama 1983; McLean et al. 1985; Schwab et al. 1989; Bucklin et al. 1991). In most cases, 

the flow pattems were observed visuaily or photographically in mode1 bins constructed of 

clear plastic, or by using x-ray techniques to observe the density changes of the matenal and 

the movement of steel b a s  embedded in the granular mas. The researchers agreed that two 

distinct flow pattern, mass flow and hmel flow existed. 

O'Callaghan (1960) used photographic techniques to study flow pattems of grains 

(wheat and barley) in rectangular model bins. He observed that the failure lines between the 

stationary and moving grain were not straight lines as were generally assumed when the grain 

was discharged through a central outlet. Based on the principles of soi1 mechanics, his 

observations of rupture lines between the stationary and moving grain were best described by 

logarithmic spirals. 

Schwab et al. (1989) studied the etfeas of the depth of grain on flow pattems. They 

carried out tests by discharghg wheat from the central outlet of a full scale steel bin which 

was 4.08 m in diarneter and with a maximum possible H/D ratio (the depth of grain in the bin 

to the diameter of the bin cross-section) of 5.0. They found that a h e l  flow occurred when 

the ratio of WD was less than 1.55, and a mass flow occurred when the ratio of  WD was 

greater than 2.6. Bucklin et al. (1 99 1) conducted similar studies. They observed flow pattems 

of corn and wheat during discharge fiom four clear plastic flat boaom model bins. The types 

of flow were obtained by varying the grain depth. When the ratio of WS (the grain depth to 

5 



the distance across the bin) was l e s  than 1.25, wheat and corn always discharged in fime1 

flow. For 1 -25 s WS<2- 5, wheat discharged in a transition state between funne1 flow and mass 

flow, calleci intemediate flow. For 2.5 a WSG .5, wheat discharged in either intermediate or 

mass flow. Wheat always discharged in mass flow for WS=3.5. For 1 -25 s WSc3.5, corn 

discharged in uncertain flow pattems. Although the effects of the depth of grain in the bin on 

flow patterns indeed existeci, the predictions of flow pattern were ody lirnited for few 

experirnental rnatends. 

Moriyama ( 1 983) investigated the effects of filling methods on flow pattems in a hd f  

cylindrical bin with a glass board in the fiont. The central and peripheral füling were used in 

his tests. The results showed that when the bulk solids were poured into the central part of 

a bh,  a perfect mass flow could be attained during discharge. Inversely, when the bulk solids 

were peripherally filled to the central part of the bin, a Funnel flow could occur during the 

discharge. 

Giunta (1969) observed flow patterns of starch, coal and iron ore in a cyiindncd bin 

0.46 m in diameter and 0.6 m in height. Based on fis observations, he developed boundaries 

to d e h e  the flow channel in a flat boîtom bin as shown in Fig. 2.1 and the mathematical 

expression in Eqn. (2-3): 



where: 

R = minimum radius of the boundaries between flowing and nodowing 

materials (m), 

d = diameter of the discharge opening (m), 

0 = angle made by the flow boundary at the edge of the opening (degrees), 

H = depth of materials in the bin (m), 

A = dimensionless flat bottom bin factor, and 

D = bin diameter (m). 

McLean et al. (1985) developed different expressions which described the geometric 

boundaries of the 80w channel for fiee flowing materials (Fig. 2.2), and expressed them 

rnathematically as: 

x 1- sin6 8 . - - -  
mut- 0.5 COS- ' ( 4 2 sin 6 ) 

where: 

0- = minimum value of the halfangie of flow zones, 

6 = effective angle of the intemal fiction, 

0, = expected value of the halfangle of flow zones, and 

0- = maximum value of the haif angle of flow zones. 



Fig. 2.1 

Fig. 2.2 

Flow channels predicted by Giunta (1969) 

Flow patterns predicted by McLean et al. (1985) 



Buckiin et al. (1 99 1) scamined the above theoreticai predictions of tlow pattesm. 

They obsewed flow pattenis by discharging wheat and corn from two 1.2 m taii plexiglass 

bins. They indicated that McLean's method predicted a better estimate of 80w patterns for 

wheat and corn than Giunta's method did. 

Jenike and Leser (1964) indicated that the conditions of m a s  flow depended on tbree 

parameters: wall fiction intemal fkiction, and hopper half angle. Any factor which affected 

one of these three parameters could have an dec t  on the flow mode. A similar conclusion 

was drawn by Gaylord and Gaylord (1984). They concluded that for mass flow to occw, the 

hopper walls would need to be sufficiently steep and smooth to assure sliding of the solid 

dong the wall. 

2.3 Observations of velocity profdes 

Tüzün and Nedderman (1983) investigated velocity profiles around obstacles in a 

planar bunker with a float giass fiont. The bunker with a rectangular cross-section was about 

1.8 m ta11 and the width between the side w d s  was adjustable fiom 152 to 508 mm. One or 

two obstacles were inserted axially at different heights within the bunker during each test. 

These obstacles were constructed of perspex and were either of the square or the quilateral 

triangle shapes with sides of about half the bunker width. Mustard seeds and polyethylene 

pellets were discharged separately through a central dot orifice in the bunker. The velocity 

distribution within the bulk matends was obtained by photography of marker particles 

through the smooth glass front wall of the bunker. The velocity profles obtained without the 

obstacles were compared with those obtained with the obstacles. They found that flow 

pattern were dependant on the magnitude of velocities within the bunker, and the prediction 



of particle velocities within the bulk materiais was equdy important to the calculation of the 

prwailing stress field within the bunker. 

Some rrsearchers (Kotchanova 197 1 ; McCabe 1974; Bransby and Blair-Fish 1974) 

obtained velocity profiles by stopping the flow, locating the markers placed in the materials 

and restarting the flow. However, other researchers (Brown and Hawksley 1947; Zenz and 

Othmer 1960) indicated that the velocity and some features of flow patterns could be affecteci 

by stopping the flow intennittently . 

The velocity distribution in a converging channel was studied in some detail by 

Johanson (1964)- and a practical application of this work was presented by Johanson and 

Royal (1 982), but they were only interested in calculating the sliding velocity dong the wall. 

No researchers have reported a successful method of examining the eEêcts of inserts 

on velocity profiles, nor to relate velocity profiles to flow pattems. 

2.4 Discharge rates 

Johanson (1965) conducted tests to study the discharge rate of bulk solids from 

storage structures, and then developed a predictive mode1 for the maximum discharge rate. 

The tests were performed in rectangular bins with wedge hoppers and in cylindrical bins with 

conical hoppers. He found that the shape of the bin cross section affected the flow channel 

but not the flow rate. He postulated that materials at the hopper opening fomed a 

continuously failing arch. The principal stress in the arch was equal to the unconfined 

compressive strength of the matenals. Based on this postulation, the following formulas for 

calculating the maximum flow rate of frictional, cohesive granular solids were derived: 



1) For a wedge hopper: 

2) For a conical hopper: 

where: 

y = bulk density (kg/m3), 

A = area of out let (m3, 

Q,  = maximum flow rate (kg/s), 

P, = consolidation pressure (Pa), 

f ,  = unconfhed compressive strength (Pa), 

b = width of the discharge slot (m), 

d = diarneter of the orifice of a conical hopper (m), 

g = gravitationai acceleration (ds3, and 

ff = flow factor. 

In order to examine the adequacy of the above formulae, Johanson (1965) conducted 

full-scale tests with Lac Jeannine concentrate, venemelan ore &es, and dolomite. The 

experirnental results showed that in dl cases a gcod agreement with predicted values was 

obtained. It should be noted, however, that his experimental verifkation was only for bins 

with material flowLig dong the hopper wds. 



Most of researchers concentrated their studies ody on the discharge rate without an 

insert. However, an insert may have influences on the discharge rate by varying flow patterns. 

2.5 Major factors affceting flow behavior 

2.5.1 Properties of stored materiais 

Many researchers (Shamlou 1988; Reisner and Rothe 197 1; Gaylord and Gaylord 

1984; Safhrian and Harris 1985) have reported that the design of flow patterns in bulk soiids 

storage and hmdling equipment requires knowledge of the bulk properties of materias. The 

important properties include the effective angle of intemal Friction, the angle of wall Ection, 

the ffow factor, and the flow fùnction. 

Jenike (1964) indicated that for an arch to occur in a flow channel, the solid had to 

be consolidated to nich a degree that it developed sufficient strength to support the weight 

of the arch. Hence, the higher the consolidating pressure in a channel, and the lower the major 

pruiciple pressure acting in an arch, the Iower the flowability of the channei. This was 

expressed by the flow factor: 

where: 

ff = flow factor, 

- 
a 1 = consolidating pressure in a channel (Pa), and 

o, = major principk pressure in an arch (Pa). 



Jenike (1 964) thought that during flow the particies were first brought closer together, 

as pressures increased, then farther apart, as pressures demeased. The ratio of the major 

principle pressure to the minor principle pressure was almost constant ifthe materid had a 

constant moisture content and temperature. This property of buk solids is usually expressed 

by the foliowing relationship: 

where : 

a, = major principle pressure (Pa), 

a, = rninor pnnciple pressure (Pa), and 

8 = effective angle of intemal fiction (degrees). 

The effects of the effective angle of intemal fnction and the angle of wall fnction on 

flow have been studied by many researchers (Schweds 1983; Ooms and Roberts 1984; 

Roberts 1988 and 199 1; Carson and Marinefi 1994). Schweds (1983) concluded that the 

distinction between mass flow and fùnnel flow was detennined by the bin geometry and flow 

properties, and the goveniing parameter was the angle of fiction between solids and wall 

matenal. Roberts (1991) obtained a similar conclusion that, of the various parameters 

affecthg the performance of a hopper, fiction at the boundary surface had, in rnost cases, the 

major influence. Ooms and Roberts (1984) also indicated that the angle of wall fiction had 

significant influences on designs of flow patterns both in conical and plane-flow bins. For a 

given geometry, a small increase in the wall fiction angle would change a mass flow hopper 

into a fiinel flow hopper. Carson and Marinelli (1 994) stated that the effective angle of the 

internai friction and the angle of the wali fnction were important parameten characterizhg 

13 



the flow properties of a solid. They concluded that the lower the angle ofwall fiction, the 

less aeep the hopper w d s  needed to obtain mass aow. 'This conchision was in agreement 

with that drawn by Ooms and Roberts (1985). Carson and MarineIli (1994) also indicated that 

many variables such as consolidation pressure, moistue content, particle size and shape, 

temperature, and storage time wouid affect the values of these angles. Typically as the 

consolidation pressure increased, the efféctive angle of interna fiction increased. 

The flow function was a property of the bulk material. Jenike ( 1964) defined the flow 

function as the dope of the plot of the unconfined yield strength agauist the consolidation 

pressure. He used the ratio of the unconfined yield strength to the consolidation pressure to 

ciassify powder: when the ratio was between 2 and 4, the material was defined as a cohesive 

material; when the ratio was between 4 and 10, the material was defined as a slightly flowing 

materiai; and when the ratio was more than 10, the material was defined as a free flowing 

material. 

The combination of the effective angle of internai fiction, the angle of wail fiction, 

the flow factor, and the flow function have been used as the main design criteria in 

detennining the flow mode (fume1 or mass flow) in storage bins (Gaylord and Gaylord 1984; 

Safarian and Hams 1985). 

It aiso should be noted that the effective angle of the intemal fiction van'ed along the 

depth of the stored material because the distribution of the bulk density was not uniform along 

the whole height of the storage equipment. Stewart (1968) studied the effect of the speci£ic 

weight on interna1 fiction properties of sorghum grain. He reported that the specific weight 

of grain was definitely a factor to be considered in determinhg the intemal friction angle of 



sorghum grain. He observeci a highiy significant increase in the internai fiction angle with 

increasing specific weight. 

2-52 Bin configuration 

It is well known that the cross section of the bin or hopper, the hopper angle, and the 

discharge outiet have significant influences on flow patterns. The success of a bin operation 

depends largely on the design of these factors. The shape of the upper part of the hopper is 

usuaiiy that of the cross section of the bin. The syrnmetrical, conical hopper attached to a bin 

with a circula cross section is commonly used. A hopper can change the flow direction of the 

stored matenal and force it to converge and flow through the smaller opening of the hopper. 

Gaylord and Gaylord ( 1984) indicated that how the matenal flowed and converged toward 

the opening depended drnost entirely on the shape of the hopper and the smoothness of its 

walis. 

2.6 Fiaw promoting devices: inserts 

In many cases, it is irnpractical or impossible to design a bin or hopper that would be 

self-emptying . An improvement can be achieved by providing flow enhancing devices. 

Gaylord and Gaylord. (1984) defined many devices as flow inducers nich as air blasters, gas 

entrainments, vibrators, chah slingers and bin inserts. Iohanson ( 1966) suggested that inserts 

of an appropriately chosen shape when placed at a certain cntical height above the silo outlet 

would considerably reduce the size of stagnant zones observed in a fùmel-flow bunker and 

thus enhance flow behaviour. Jenike (1964) indicated that an insert coutd dso be employed 

to redistnbute the stresses in the flow charnel. He thought that because the self-perpetuated 



over-consolidation of flowing materiais could not develop due to the influences of uiserts, the 

stable arch or dome formation near a hopper outlet would not occur. 

Tünin and Neddennan (1 983) investigated the effécts of obstacles in a bunker on the 

formation of arches; the details of their tests have been desaibed in section 2.3. They 

observed that obstacles increased the wall stresses of fïllï.ng, but deçreased them during flow. 

They concluded that stable arches, once formeci, were frequently observed to give rise to 

sporadic discharge behavior or indeed in some cases, to cornpletely stop the discharge. 

Formation of arches would sometimes be prevented by dowing the material to flow in a 

cascading marner onto successive stress-breaking inserts placed at diEerent heights dong the 

bunker. 

Despite the wide-scale use of various types of inserts in industriai bunkers, very Little 

is currently understood about the flow mechanisrn of bulk solids around inserts. 

2.7 Mode1 testing 

Most of the observations of dow patterns have been made with smaii-scale model 

tests. Cutress (1966) discussed the use of sa le  models to reproduce arching in cohesive 

materials, and came to the conclusion that it was doubtfd whether an increase in the bulk 

density (for example, by compaction) could compensate for the reduction of the span of a 

cohesion arch (full width of a slot or the radius of a circuiar aperture) by the scale factor of 

the model. They indicated that in any case after 80w had taken place, the bulk density was 

a characteristic of the flow system and was no longer an independent variable. The 

consolidation pressure of the systern itself was the only agent that would influence the bu& 



density, but in a mode1 bin this pressure was almost cenain to be too srnaii. 

However, influence of test scde on flow behavior and the &ect of the bulk density 

on £iow patterns have not been reported in the literaîure. 



3. OBSECITVES 

From the literature cited in the above review, it is clear that the study of the effects 

of k r t s  on flow behavior is a cornplex subject. When analysing flow patterns, many fàctors 

need to be considered, many of which are still Little understood. Although research has s h o w  

that inserts can enhance the flow behavior of cohesive materials stored in bins, more work is 

stiil needed to investigate how the flow behavior is aîFected by inserts during the discharge 

of stored cohesive materials. 

The objectives of this çtudy are: 

1) to investigate the influences of mechanical "inserts" on discharge rates, flow patterns, and 

the formation of arching, and 

2) to study the effects of the mounting locations and mounting methods of inserts on flow 

behavior of cohesive materials 



4.1 Major hypothesb 

Frequentiy, inverted cone-shaped inserts were placed above outlets in cylindricai buis 

with conical hoppers. In this study, the spatial system of a cylhdncai bin with a conical insert 

was modelled by a NO-dimensional bin to  allow for observation and recording of flow 

patterns inside the bin. This two-diiensional bin with a triangular insert modelled a 

rectangufar section of a circular bin with a conicd insert (Fig 4.1). 

4.2 Expenmentai equipment 

4.2.1 Main frame and bin base 

A triangular steel m e  was used as a base to support the model bin Pig.  4.2). The 

entire weight of the bin structure and feed was placed on this base. Because the maximum 

load carried by the bin base was 7 kN, which was less than half of the 15 kN design load for 

the base, the bending deflections in the bin base should be less than the maximum deflection 

of 1 mm as designed by Pokrant (1983). The bin base was suspended 6om a main support 

frame by three steel rads 9.5 mm in diameter and 2400 mm in length. Each rod was cut near 

the top and a load transducer was placed in the break to measure the total weight of the 

stored bin. 

4.2.2 Mode1 bin 

The bin walls were made of three pieces of plywood and a piece of transparent 

plexiglass. The plexiglass wall was at the front of the bin. The bin was 2400 mm t d ,  and was 

rectanguiar in the cross section with a width of 400 mm and a length of 1000 mm. On the 

fiont and rear walls of the model bin, holes were ddled for mounting insefis. The bui hopper 



Fig. 4.1 Schematics of the mode1 for a conical bin with a cone insert. a) top 

view, b) front view, and c) mode1 bin 





was constructeci by putthg two plywood plates inside the bin and the hopper haif angle could 

be adjusteci fiom 30" to 90° by changing the length of the plywood plates. 

In order to obtain the same fiction on all the inside surfaces of the bin, the plywood 

walls were ail ihed with plexiglas similar to the front waii. To minimize the uifluence of the 

wall deformations on flow, three pardel rows of angle iron bars were mounted horkontally 

on the front and rear waiis to @rd the wds. The maximum deflection was less than 1% of the 

width of the mode1 bin. The defleaion was measured by caldating the movement of the 

marking point in the plug of the insert related to the rear waii of the bin. 

A sliding gate opening was used to control discharge. In this research, an opening of 

3.8 mm was used. 

4.2.3 Insert 

A tnangular-shaped insert was construaed £tom plexiglass. The insert was 400 mm 

long with a triangular cross-section of 100 mm on al1 three sides. Three holes were drilled at 

each end of the insert (Fig. 4.3). The hole at the top was used to mount the insert SQ that it 

could swing sideways. Tests were also performed when the bottom holes were used to fbc the 

insert in the bin W y .  The insert was mounted at 53, 83, 130, 174, 26 1, 3 50, and 450 mm 

measured fiorn the base of the insert to the bin outlet. 

4.2.4 Material handling 

A screw auger connected to the chute of a bucket elevator was mounted on the top 

of the main fiame to provide consistent central fïiiing of chop feed (Fig. 4.2). The bucket 

elevator was fed by another screw auger. The &g rate was 0.6 kg/s. This rate was obtained 

by adjushg the outlet opening of the storage bin and the speed of the bottom screw auger. 



Fig. 4.3 Schematic of bin insert 



The dischargeci feed was coUected in a collection hopper beneath the bin, and another 

screw auger was used to convey the feed back to the storage bin (Fig. 4.2). Mer each test, 

the storage bin was covered by a plastic sheet to prevent the feed f?om changing moisture 

content. 

4.3 Instrumentation 

4.3.1 Load transducers 

Three transducers designed by Shan (1996) were used for measuring feed loads. Each 

of the three tranxiucers had a maximum load capacity of 5 kN. The mounting brackets 

allowed each transducer to rotate to a plumb position thus assuring that the applied load was 

vertical. The transducer was capable of m e a s u ~ g  both static and fluctuating loads. 

The transducers were calibrated using dead weights fiom O to 4.2 kN. A typical 

calibration curve for a transducer is shown in Fig. 4.4. All calibration equations were linear, 

with R2 >99.99 (Appendk A). 

4.3.2 Data acquisition unit and computer system 

A hi@-speed data acquisition unit (HP 38524 Hewlett-Packard), controlled by a PC 

computer, was used to record outputs from three transducers. The system was capable of 

taking 20 readings per second for each of 3 channels with a 6.5 digital resolution. In this 

study, a recording rate o f  one reading per second per channel was used. 

4.3.3 Flow pattern measurements 

4.3.3.1 Arrangements o f  marking lines 

Solid and broken marking lines were added to the test bin to mark the feed levels so 

that the flow patterns were made visible dong the front wall of the bin. The pulverized black 
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Fig. 4.4 Typical calibration curve of a transducer. 



charcoal was used to make marking lines. The arrangement of solid marking lines and broken 

rnarking lines is shown in Fig. 4.5. The marking lines were made by placing black powder on 

the free SuTfàce of feed in the bin during m g .  Marking lines began with a brokm line and 

then a solid line fiom the bin bottom, altemately. Eight layers were marked for one test. The 

vertical space between the two adjacent lines were 100 mm at the hopper section and 300 mm 

apart at the section above the bin transition. Each broken h e  consisted of five sequences, 

about 200 mm apart in the horizontal direction, and these segments divided the feed into five 

columns vertically (Fig. 4.5). 

A special filling bar was used to place black powder into the bin to rnake marking 

Lines. The bar was designed so that the length of the bar was adjunable to ensure that it 

worked effectively in the smaü space between the bin top and the ceiling of the room. A small 

hopper was h e d  at the end of the filling bar. 

An experiment was run to examine whether the movements of the solid rnarking lines 

refl ected the flow of feed. A thin layer of coloured feed was placed beneath a solid marking 

line in the rniddle level of the bin. When the bin was fÛUy filled, it was allowed to settie for 

30 minutes. After 30 minutes of settling, the feed was discharged. The observation of the 

movement of  the marking lhe  and coloured feed confinned that they moved together in 

parallel during discharge. This showed that marking lines reflected the flow of feed. 

4.3.3.2 Image processing system 

The image p rocessing sy st em consist ed of a VHS camco rder (Panasonic Omnimovie 

PV-950-KHS), a Video Cassette Recorder (VCR, SLV-975 HF, SONY Corporation), and 

a cornputer with a v i d a  digitking board (the Intel Smart Video Recorder III board, Intel 
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Fig. 4.5 Marking lines in the bin for measuring velocities 



Corporation, Hillsboro, OR). Feed movement in the bin was recorded by the video camera 

mounted in a tripod at the fiont of the bin. The whole bin was wnfined in the camera view 

by adjushg the height and the masnification ratio of the vidm camera as well as the distance 

between the camera lens and the fiont wall of the bin. To mbimke distortion of pictures, a 

level was used to level the video carnera, the video camera lem was set to face directly at the 

bin wali at a 3 m distance, and the height of the video carnera was adjusted to equal the centre 

level of the bin. The type of video cassettes used in the tests was VHS tape. A standard tape 

play speed of 120 minutes was chosen. Video signals were EIA Standard (525 lines, 60 fields) 

NTSC colour signals. 

By using the VCR with a timer, the video images were played back M e  by frame 

in a rate ranging from 1 to 30 m e s  per second. In order to ensure that the time used in the 

cdculation of velocity was correct, a digital quartz timer (Micronta, New York) was used to 

calibrate the timers of the video camera and the VCR. During the calibration of the vida  

camera timer, the quartz timer was put on the f?ont of the bin. The times given by the video 

camera and by the quartz timer were recorded in the same picture. No ciifference was found 

between the two timers. 

To check the accuracy of the timer in the VCR, the tape containhg the picture with 

two tirnes was played by the VCR. The calibration was performed for one hour by capturing 

two pictures at the very beginning of the tape and two near the end of the tape. Time elapsed 

in the VCR was obtained by usin3 the timer in the VCR The difference was less than 2 

second within one hour of playing. 



Vide0 images f?om the VCR were di@tUed by the vide0 capture board and caphired 

by using Asymetrix DVP Capture (Asymetrix Corporation). The captured images were 

processed to change contrast, tint, saturation, or brightness to o b t h  high quality images. The 

processed images were then saved in bitmap files. CORE Draw 7 (Corei Corporation and 

Corel Corporation Limiteci, New York) was used to fiirther process images to detennine the 

movernents of the materiais in the bin. 

4.4 Materials 

Chop feed was used as the test material. The composition and some physical 

propemes of chop feed are listed in Table 4.1 and Table 4.2, respectively. The bulk density 

of the chop feed was caiculated by dividing the measured in-bin mass by the volume of the 

feed. The moisture content of the chop feed was detexmined by the air-oven method as 

recornmended by AS AE Standards (ASAE 1990). The angle of repose was determined by 

emptying a srnail surge hopper into a 1.5 m wide by 1 .O rn high by 0.1 m deep box with a 

ciear front. The angle was determined by meamring the cone of the feed. A rnodified direct 

shear apparatus was used to measure the angle of interna1 fiidion of the feed and the fiction 

angle between the feed and the bin wdl. Details of the modified shear apparatus were 

discussed by Kieper (1992). ï o  rninirnize the time effect on feed behavior, the minimum 

shearing speed of 0.5 mm per minute was used in aii tests. A load ce11 was used to measure 

the shear force, and a Linear Variable Dserential Transducer (LVDT) was used to monitor 

the horizontal motion of the shear box. The load ce11 was calibrated using dead weights h m  

0.045 to 0.054 kN with ~~>99.99% (Appendix A). The LVDT was calibrated using a dia1 

gauge in the deflections ranging from O to  60 mm with RZ>99.99% (Appendix B). The data 



acquisition systern for the shear test consisted of cornputer and data acquisition 

instrumentation (HP 3 8 5 2 4  Hew lett -Pac kard). Cohesion was obtained by extrapolating the 

yield locus to get an intersection on the plot of shear stress vs normal stress (Brown and 

Richards 1970). The yield locus is shown in Fig. 4.6. 

Table 4.1 Composition of chop feed 

Mat enal Content (%) 

Crushed barley 
Soya-meal 

Calcium carbonate 8.25 

Fish meai 2 

Calcium phosphate O. 75 

Table 4.2 Physical properties of the chop feed used in expenments 

Bulk density, kg/m3 

Angle of interna1 friction, degrees 

Angle of waU fiidon, degrees 

Angle of repose, degrees 

Cohesion, kPa 

Moisture content, % wb. 10.8!(0- l)* 
! Means of three measurement S. 

'Values in the parentheses are standard deviations. 



+ Measured point 

Y i e l d  locus 

I 

O 10 20 30 40 50 60 70 

Noniai stress @Pa) 

Fig. 4.6 Yield locus of chop feed 



4.5 Testing procedure 

4.5.1 Experimental design 

Test configurations are summarized in Table 4.3. 

Table 4.3 Experimental design 

1 Test number 1 Insert I 

Lasert location 

Level Height* (mm) 

R1 rotating 1 53 

R2 1 ro tating 2 174 
* Measured fiom bin oudet to the bottom of inserts. 

Three repetitions of each of the seven test configurations made up one test series. To 

eliminate the error in setting bin configurations, each series of tests were completed before 

the next configuration were tested. 

The first series of tests were conduaed with no flow enhancing device present. Four 

series of tests with a fixed insert at four levels (Fig. 4.7) were nui. The lowest location was 

83 mm at level 1. This was the Ievel where the insert could be placed as close to the discharge 

outlet as was physically possible. The gap between the hopper w d  and the boaom of the 

insert was 5 mm greater than the width of the outlet opening. Level2 was located 174 mm 

above the outlet. For level3 the insert was placed 26 1 mm above the outlet so that the tip of 

the insert was at the level of the bin hopper transition. For level 4 the insert was placed 

32 



Fig. 4.7 Locations of the fmed insert in the bin. Locations LI, L2, L3, and L4 

were at heights of 83,174,261 and 450 mm, respectively. 



entirely above the bin hoppa transition level, or 450 mm above the outlet. The 1 s t  two series 

of tests were nin with a rotating insert at two levels (Fig. 4.8). For lwel 1 the rotating insert 

was placed 53 mm above the outlet. For leveI2 the rotating insert was set 174 mm above the 

outlet. It was initially planned to run three repetitions of the tests with the rotating insert at 

level 1, but as each test in this senes required an extensive amount of tirne and the data 

appeared to be quite similar between test series, the number of repetitions was reduced to 

two . 

4.5.2 Settling tests 

Since the strength of cohesive materials could be significantly increased by time 

consolidation, thus reducing the flowability of the material (Jenike 1964), it was necessary to 

consider the effêct of tirne in this çtudy although it was not a primary variable. 

A marker was placed in the feed close to the top fiee surface dong the front wall. 

M e r  the bin was M y  Med, the movement of the marker was recorded by the video camera 

for 120 minutes, which was the maximum recording time of a VHS tape. The images were 

analysed to determine how much consolidation had occurred during the setîling period. Three 

repetitions were m. The maximum displacement of the marker near the top surface was 8 

mm within 30 minutes of settling. Little movement was found nom 30 to 120 minutes for al l  

three settling tests. The mean displacement of the three settling tests was 7 mm with a 

standard deviation of 1-53. It seemed that the feed needed less than 30 minutes to stabilize 

after it was filled into the bin. 



Fig. 4.8 Locations of the rotating insert in the bin. Locations RI and W were at 

heights of 53 and 174 mm, respectively. 



4.53 Tests for üghting amngemenb 

AU Light sources were installeci symmetridy to the h m  wd so that uniform Iighting 

was achieved on the froa wall. The arrangements of the light bulbs were determined 

experirnentally by adjusting locations oflight sources and diffusion directions to achieve high 

quality images. Two sheets of black papa were used as a background on both sides of the 

bin. 

For each lighting arrangement, the images were recorded and anaiysed. By cornparhg 

the images obtained in the dinerent arrangements the final arrangement was selected. 

4.5.4 Test steps 

M e r  the bin was fiiled and allowed to settle for 30 minutes, the iighting systern was 

switched on. The video camera was set to record. The data acquisition systern was Uiitiated 

and the reference Ioad of zero was taken. The readings were taken at a rate of one reading 

per second per channel. 

A test name was entered into the computer tomme the test data. Characten were 

used ta idente bin configurations and test replication numbers. The fira charaaer was given 

in P. F, or R, for tests without an insen, tests with a k e d  insert, and tests with a rotating 

insert, respectively . The letter was foiiowed by a number 1,2 ,3 ,  or 4 for insert locations. The 

1s t  chara~ter 4 B, or C was used to represent the repetitions of tests. 

Mer a test was completed, the video tape was played back to check whether high 

quality images were obtained, and then the data were checked to ensure that ail expected data 

were coliect ed . 



4.6 Data anaIysb 

4.6.1 Flow rate 

The raw data of microstrains were initiaUy obtained £?om load transducers. According 

to the calibration equations for the transducers listed in AppendUr 4 the raw data were 

converted to loads applied on each transducer. The total mass of feed in the mode1 bin was 

cafculated by adding up the loads applied on the three transducers. The flow rate was 

obtained by dividing the change of the load by the .  

4.6.2 Calculations of velocities 

Velocity caiculation was based on the movements of the marking lines in the feed. 

First, the relative coordinates of broken marking lines in one image fiame were recorded in 

a raw data table with the corresponding t h e  (Table 4.4). The sequent fiames were analysed 

in the same way. The raw data were the converted fiom pixel to mm by using a coordinate 

scde in images. The velocity ofa point was determined fiom the coordinates of the point in 

two consecutive image fiames (time between the two &ames AT = 1/30s). 



Table 4.4 Positions of broken marking lines' 

For example, when point (Yj, Y& moved from (X, YJ to (X,, Y,) during the penod of AT, 

Test series number: Tirne: Unit: pixel J 

the velocity vectors were calculated as follow: 

v,, = 

where: 

V, = horizontal velocity of point (Tj, Yi), 

V, = vertical velocity of point (Kj, YG), and 

Vi = velocity vector of point &, Yi). 

!O$, Y,) was defined as the relative location of the marking tine in the horizontal and verticai 
directions for the marking h e  at layer i and column j in the relative coordinate used in the 
image processuig tools. 
*Layers of bro ken marking lines corresponding to Fig. 4.5 were defined as layer 1, 2, 3, and 
4 &on top to bottom in the feed. 
**Colms were represented by numbers of 1,2,3,4, and 5 in an order of columns fiom the 
left to the right as defined in Fig.4.5. 

Column 5" Item 
1 

Layer 1' 

Layer 2' - 
Layer 3' 

Layer 4' 

Xts 

Xz 

X35 

- 

I 

Y15 

YZ 

Y35 

Column 2" Column 3" Column 4" 

X~~ 

Xn 

x32 

x42 

X13 

Xn 

X33 

C o l m  1" 

K a  
x24 

x, 
X, 

Y12 

Y, 

Y32 

y42 

YB 

Y, 

XI1 

x21 

3 , 

Y,, 

Y ,  

Y34 

U, 

Y11 

Yu 
- - 



5. RESULTS AND DISCUSSION 

5.1 EEects of insert. on flow rates 

Reisner (1971) stated that when a bh with a free flowing material was emptied 

through a vertical opening in the bottom, the rnaterial flowed at a constant rate during uie 

entire process of discharge. Therefore, the plot of discharge loads vs. discharge tirne shouid 

have a constant siope if feed flowed fkeely out of the bin. 

No constant slopes were found in the plots of discharge loads vs. discharge tirne for 

feed flow (Fig. 5.1). uistead, fluctuations of the slopes were observed. Roberts et d.(1990) 

indicated that cohesion was the major factor out of ali the parameters affecting the gravity 

flow performance of bins. This factor was thus considered to be the main reason for a 

decreasing Row rate or for making the flow rate inconsistent in the tests. 

Fig. 5.1 showed that some slopes in the plots were zero during the initial and 

intermediate penod of feed discharge, that is, the flow rate was zero. Obviously, a zero flow 

rate meant that arching had occurred in the bin. Arches were found in al1 the tests except the 

test with a fixed insert at Ievel3 and the test with a rotating insert at level2. Table 5.1. shows 

some of the flow characteristics observed in the tests. 

It was necessary to break the arch to restore the flow when arch occurred in the bin 

d u ~ g  the test. When feed fkom the top layer collapsed down to the bottom of the bin, the 

feed in the low part of the bin obtained high strength due to cornpacting from the coiiapsed 

feed . 





Standard deviation 
Test No. Times of arching Average fl ow rate of flow rate 

R 2  O 2.33 5 -28 
Mean values fiom three meanirements except test R1 fiom two measurements. 

The average flow rate was caiculated from the total mass of the feed in the bin and the 

total t h e  required to empty the bui. The tirne of flow stoppage was aiso included in 

calculations of the average flow rates. Although the tirne required to break an arch had 

influences on the calculations of the flow rates, it was thought that man-made factors could 

also reflect the effediveness of the inserts. The better the insert promoted the flow, the less 

the man-made factor aEected the time needed to break an arch, and thus, the higher the flow 

rate. 

Compared with the flow rate of 1.93 kgls for the tests without inserts, the flow rates 

increased to 2.22 (15%), 2.79 (45%), and 2.06 kg/s (7%) for the tests with a fked insert at 

leveI2, 3, and 4, and increased to 2.33 (2 1%) kg/s for the tests with a rotating insert at level 

2; However, the flow rates decreased to 1.48 (23%) and 0.57 kg/s (73%) for the tests with 

a fwed insert at level 1 and for the tests with a rotahg insert at level 1, respectively (Fig. 



5 -2). The best mounting locations for dancing the flow were found at 26 1 mm for the nxed 

insert and 174 mm for the rotating insert, respectively. 

Lower flow rates for the insert locations closer to the outlet rnight be attributed to the 

smaîier perpendicular gaps between the insert and the hopper w d .  For the fixed insert at Ievel 

1, the gap between the bottom of the insert and the hopper w d  was 48 mm. This gap was 

close to  the 38 mm width of the outlet of the bin. It seemed that when the gap between the 

insert and the hopper wall was close to the opening of the discharge outlet, the arching would 

occur, causing the flow rate to decrease. It should be noted that the gap between the rotating 

insert and the hopper wall changed as the insert rotated. The gap change may be cdculated 

&om the geometnc relationship as follows (Fig. 5.3). 

When S = 100 mm, L = 38 mm, 0 = 300, the following equations ( 5 4 )  to (5-6) are 



Fig. 5.2 Average flow rates of feed in the bins without inserts (P), with CÏed 

inserts at levels 1 to 4 (FI to F4), and with rotating inserts at levels 1 to 

2 (RI to R2). 



Fig. 5.3 The geornetric reiationship of the rotation angle of the insert and the gap 

between the insert and the hopper walls 



w here : 

S = side length of insert section (mm), 

L = width of the bin outlet (mm), 

+ = angle of hopper wall to the horizontal direction (degrees), 

Go = gap between the insert and the hopper wd when the insert is at the 

neutral position (mm), 

H = height of the insert bottom above the bin opening when the insert is at the 

neutral position (mm), 

AG = change ofthe gap between the insert bottom and the hopper waif (mm), 

G = gap between the insert and the hopper wall when the insert rotates (mm), 

and 

B = swutging angle of the insert. 

When the insert was rotating clockwise withh 4 O ,  the gaps on both sides of the insert 

increased (Fig. 5.4). Counter-clockwise rotations within 4" caused the gaps to decrease. No 

matter ifthe gap was increased or decreased, the insert rotation helped break arching. This 

inference was proven by comparing the flow characteristics for a rotating insert and the flow 

characteristics for a fixed insert at level2. Although both inserts were at the same location, 

the flow stoppage was not found in the tests with the rotating insert. 

5.2 Effects of inserts on flow patterns and velocity profiles 

5.2.1 Tests without inserts 

For the tests without inserts, the flow of chop feed created a stable arch or rathole 

aiross the ho pper outlet d e r  3 0,15, and 70 seconds of discharge for three tests, respectively . 



Fig. 5.4 Initial rotation of the inserî before discharge. 



The mean of the time of arch or rathole happening for three tests was 38 seconds with a 

standard deviation of 28. This dernonstrateci that the flow patterns were irreguiar without 

insert. 

The typicai flow patterns are shown in Figs. 5.5a-n, with Fig. 5.5a depicting the full 

bin before discharge. In the first 15 seconds of discharge, the flow pattern was funne1 flow. 

An approximately 166 mm wide tlow funne1 was formed (Fig. 5 .  Sb). The feed in the central 

area of the bin moved downward with a maximum velocity of 91 mmls. At 30 seconds of 

discharge when the feed in the flow channel was completely discharged (Fig. 5. Sc), the flow 

charme1 developed into a stable rathole through the bin with a height of 2000 mm and a width 

of 166 mm. About a 4 17 mm thick layer of chop feed along the side walls of the bin remained 

stationary &er the stable rathole formed. When the rat hole was manually broken feed 

collapses into the channel and arching occurred above the outlet (Fig. 5Sd). Mer several 

instances of human intervention a new flow fùnnel was developed (Figs. 5 Se-f). About 104 

seconds of discharge an arch occurred again across the outlet of the bin (Fig. 5.5g). With 

human intervention, the feed started to flow again. Figs. 5.5h-m show that the flow stili 

tended to be f b ~ e l  flow, with feed sliding along the free surface and filiing in the flow 

channel. No feed movement was observed in the feed along the bin walls. At 2 10 seconds of 

discharge an arch occurred again as shown in Fig. 5.5n. Once again manual intervention had 

to be applied to break the arch to empty the bin. 

The flow patterns in this configuration were unacceptable because the feed had to be 

rnanually assisted out of the bin. Poor flow was due to cohesion of the material and the bin 

configuration. The cohesive property of chop feed increased the strength of the falling arch, 



(dl ce 1 . . 
Fig. 5.5 Typical flow patterns of chop ieed in the mode1 bin wifhout an insert, 

Test PA. a) O s ,  b) 15 s, c) 30 s, d) 50 s, e) 85 s, f )  100 s, g) 104 s, h) 133 s, 

i) 138 s, j) 133 s, k) 168 s, 1) 183 s, m) 189 s, and n) 210 S. 







thus, impeded the flowability of the chop feed in the hopper. Large hopper opening reduces 

arching formation. However in this study the dimension of the outlet was deliberately chosen 

to create flow problems so that the effectiveness of bin inserts could be tested. 

5.2.2 Fied inserts 

When a fixed insert was installed in the bin, almost ail of the feed in the bin was 

activated, and feed movement took place dong the bin walls. uistead ofa  central channel flow 

which appeared in the tests without inserts, two s m d  flow channels developed both sides of 

the insert (Figs. 5.6a-k, Appendix C and Appendix D). There was only one flow channel when 

the bin was close to empty (Figs. 5.6d-k). 

The velocities in the left three columns were aimost equal (Fig. 5.7a), forming a fast 

flowing channel, while the other two columns fomed a slow flowing channel. 

The average velocity of 14.05 mmls in the left channel was 33% higher than 9.46 

mm/s in the right flow zone. Therefore, the feed on the left side discharged faster than the 

right side as shown in Fig. 5.6b. It was also noted that arching occurred fiequently in the zone 

with a lower velociv (Figs. 5 . 7 ~ - g ) .  

When the h e d  insert was installed 83 mm above the discharge outlet, arching 

occurred at the beginning of discharge for al1 tluee tests (Fig . 5.8b). It seemed that the insert 

placed at a low position produced an obstruction to the flow. With manual intervention the 

flow resumed, but near the end of discharge an arch was observed again (Fig. 5.80). 

M e r  the initial arching was broken, a mass flow condition was observed eorn 30 to 

60 s of discharge (Figs. 5.8~-d, and Figs. 5.9a-c). The flow velocity in the right side of the bin 

was greater than the left side (Fig. S. 9a-h). The maximum velocities of 1 1.7,2 1.2, and 22.7 



Fig. 5.6 Typical flow patterns of chop feed in the mode1 bin with a fued insert, 
Test F2A. a) O s, b) 35 s, c) 50 s, d) 65 s, e) 80 s, f) 90 s, g) 110 s, h) 125 s, 
i) 140 s, j) 155 s, and k) 170 S. 





Typical velocity profiles (in mmfs) in the mode1 bin with a fùed insert, 
Test F2A. a) 20 s, b) 35 s, c) 50 s, d) 65 s, e) 80 s, f) 95 s, g) 140 s, h) 155 
s, i) 170 s, and j) 185 S. 

Fig. 5.7 











Fig. 5.9 Typical velocity profiles (in mrn/s) in the mode1 bin with a fked insert, 

Test F l k  a) 30 s, b) 45 s, c) 60 s, d) 75 s, e) 90 s, f) 105 s, g) 120 s, h) 135 

s, i) 150 s, j) 165 s, k) 180 s, 1) 195 s, rn) 210 s, and n) 225 S. 





mmls were found dong the right side wd at 30, 45, and 60 seconds respectively. The 

corresponding velocities on the left side were Z.O,lO. 7, and 3.7 mmk The diierence in fiow 

velocity between the Iefi side and the right side increased with tirne. For example, velocities 

in columns 2 (lefi) and 4 (right) at 3 0 seconds had the same value of 1 1.4 mm/s (Fig. 5 -9a). 

At 45 seconds the velocity on the right side (V,,) became 2 1.2 rnrnls, and velocity on the right 

side (VI, was 12.7 d s ,  or V,, is 1.7 times V,,. At 60 seconds V,, had a value of 22.4 mmls 

and VI, 8.1 d s ,  or V,, was 2.7 times V,,. 

The velocity on the left side decreased to zero after 90 s of discharge. In other words, 

a stagnant zone formed. When a stagnant zone formed, it eventually would collapsed into the 

flow channel (Figs. 5.9e-g). 

For the tests with a fixed insert, two distinct flow channels occurred for ail four levels 

of inseri installation. The uniformity of flow was reflected by the difference in velocity 

between the two channels. This difference varied with the insert location (Fig. 5.10). The 

difference increased fiom 3.88 to 7.63 mm/s when the insert was moved Corn level I to level 

2, decreased eom 7.63 to 3.1 4 mm/s h m  Ievel2 to level3, and increased again f?om 3.1 4 

to 4.44 mm/s from level 3 to level4. The large difference in velocity between the two flow 

zones caused more collapsing of feed and induced potential flow problems by impacting the 

feed in the lower portion of the bin. Level3 produced minimum velocity difference, thus most 

uniform flow. This result was in agreement with the results offlow rates discussed previously . 



Fig. 5.10 

L e d l  Level2 Level3 L a e l  4 

Velocity differences between two £iow channels in the bin for the tests 

with fixed inserts at four levels. 



5.2.3 Rotating inserb 

The test results indicated that when the rotating insert was placed at lwel 1, the flow 

could not be enhanced cornpareci to the tests without inserts or the tests with k e d  inserts. 

The reason was the smal gaps between the Uisert and the hopper walis. In this co&guraîion, 

a gap of 22 mm was fonned which was 43% less than the width of the outiet opening of 38 

mm. 

For the tests with the rotating insert at Ievel2, mass flow occurred in all of the three 

tests. No flow stoppage or stagnant zones were observed. In average, the insert rotated *2" 

with a standard deviation of OS. 

Once again, two flow channels were observed (Fig. 5.1 la). The velocity in the fast 

flowing channel (coiumns 1, 2, and 3) was 19.5rnm/s; and 4.9 mm/s in the slow flowing 

channel (columns 4 and 5). The dserence in velocity between the two flowing charnels was 

greater than that in the tests with the fked inserts. 

The uneven flow might be attnbuted to unbalanced filling of the bin. The inertia of 

feed leaving the filhg auger caused feed to be deposited slightly more on the nght side of the 

bin, even though the spout of the auger was set centraily above the bin. The unbdanced fïlIing 

caused an 18" clockwise rotation of the insert d e r  the bin was Mly filled. Feed was subjected 

to a greater degree of consolidation on the nght side than the lefi side of the bin. Therefore, 

feed Oowed more easily on the le& side than on the nght side. 

Viewing the recorded video images in slow motion, it was observed that the insert 

rotated k2" fiom the initial position d u ~ g  the first 120 s of discharge. This osciliating motion 



Fig. 5.11 Typical velocity profdes (in mm/s) in the mode1 bin with a rotating 
insert, Test R2C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f) 75 s, g) 90 s, h) 
105 s, and i) 120 S. 





of the insert helped breaking arching. No noticeable rotation was found after 120 seconds of 

discharge (Fig. 5.12). 

The rotating insert presented a better overd performance in irnprovuig the flow than 

the £ked insert. The most effective location of the rotating insert was 33 % lower than that 

of the h e d  insert. 



Fig. 5.12 Typical tlow patterns of chop feed in the mode1 bin with a rotating 
insert, Test R2C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, 
h) 105 s, i) 120 s, j) 135 s, and k) 150 S. 



Fig. 5.12 T y p h l  flow patterns of chop feed in the mode1 bin with a rotating 
insert, Test R2C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f) 75 s, g) 90 s, h) 
105 s, i) 120 s, j) 135 s, and k) 150 S. 



6. CONCLUSIONS AND RECOMMENDATIONS 

The foiiowing conclusions were made b a d  on this study: 

1) The introduction of a fixeci insert at a height of 2 16 mm and a rotating ùwrt at a 

height of 174 mm improved the fi ow quality of cohesive bulk solids to a point where 

the bin could be emptied without human intervention. The &ixtiveness ofbin inserts 

decreased when the insert was mounted too low or too high in the bin. 

2) The inserts caused significant changes to flow patterns and velocity profiles. For the 

tests with a fixed insert, two distinct flow channels occurred for dl four levels of 

insert installation. The large difference in velocity between the two flow zones caused 

more collapsing of feed and induced potential flow problems by impacting the feed 

in the lower portion of the bin. 

3) The rotating insert was more effective than the fixed insert in Ùnproving the flow. 

4) The rotating insert oscillated in h2" during discharge. 

Further research was recommended as the foiIowing: 

1) Full size bin tests should be performed. 

2) Other materials should be tested. 

3)  Tests for different hopper angles, outlet dimensions, insert shapes, and insert sizes 

should be perfonned. 
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APPENDIX A. CALIBRATION RESULTS FOR LOAD TRANSDUCERS 

Table A.l Caiibration tesdts for Ioad transducers' 

Transducer No. 

(For mode1 bin) 

!AU measurements had four repetitions 

Calibration equation: S=Coefficient*L 

Where: S= Microarain (pc), L=applied weight (kg). 

Table A.2 Calibration results for the load cell! 

Load ceIl Coefficient 

(For shear apparatus) N/rnV 

I 130-7025 O. 99999 

!AU measurements had three repetitions 

Calibration equation: S=Coefficient*mV 

Where: S= shear force 0, mV=voltage (mV). 



APPENDIX B. CALIBRATION RESULTS FOR THE LINEAR VARLASIX 

DIFFERENT1A.L TICANSDUCER (LVDT) 

Table B.1 Calibration results for the Linear Variable Differential Transducer 

(LVDT)' 

Coefficient 

d m v  

!AU rneasurements had three repetitions 

Calibration equation: D=Coefficient*V 

Where: D= deflection of the LVDT (mm), V=voltage (mV). 



APPENDM C. DIGITIZED IMAGES OF n o w  PATTERNS 



Fig. C.1 Typical flow patterns of chop feed in the mode1 bin with a fked insert, 
Test F3C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, h) 105 s, 
i) 120 s, and j) 135 S. 





(4 (el 
Fig. C.2 Typical flow patterns of chop feed in the mode1 bin with a f sed  insert, 

Test F4C. a) O s, b) 15 s, c) 30 s, d)45 s, e) 60s, f )  75 s,g)90 s, h) 105s, 

i) 120 s, j) 135 s, k) 150 s, and 1) 163 S. 
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Fig.D.1 Typical velocity profiles (in m d s )  in the mode1 bin with a fixed insert, 

Test F1B. a) 25 s, b) 40 s, c) 55 s, d) 70 s, e) 100 s, f) 115 s, g) 130 s, h) 145 

s, i) 160 s, j) 175 s, k) 190 s, and 1) 205 S. 
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Fig. D.2 Typical velocity profiles (in m d s )  in the mode1 bin with a fued insert, 

Test FlC. a) 10 s, b) 25 s, c) JO s, d) 55 s, e) 70 s, f) 85 s, g) 100 s, h) 115 

s, i) 130 s, j) 145 s, k) 160 s, and 1) 175 S. 
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Fig. D.3 
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(4 ( f) (g) (h) 
Typical velocity profiles (in m d s )  in the mode1 bin with a fued insert, 

Test F2B. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f) 75 s, g) 90 s, h) 105 s, 

i) 120 s, j) 135 s, and k) 150 S. 
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Typical velocity profiles (in mmts) in the mode1 bin with a fked insert, Fig. D.4 

Test FZC. a) O s, b) 15 s, c) 30 s, d) 15 s, e) 60 s, f )  75 s, g) 90 s, h) 105 s, 

i) 120 s, j) 135 s, and k) 150 S. 





Fig. D.5 Typical velocity profiles (in m d s )  in the mode1 bin with a fued insert, 

Test F 3 k  a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f) 75 s, g) 90 s3 h) 105 s, 

and i) 120 s. 





Fig. D.6 Typical vetocity profiles (in m d s )  in the mode1 bin with a fiYed insert, 

Test F3B. a) Os, b) 15 s, c) 30 s, d) 15 s, e) 60 s, f) 75 s, g) 90 s, h) 109 s, 

and ï) 120 S. 





Typical velocity profdes (in mds) in the mode1 bin with a fued insert, 
Test F3C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, h) 105 s, 

Fig. D.7 

and i) 120 S. 
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Fip. D.8 Typical velocity profiles (in mmls) in the mode! bin with a k e d  insert, 

Test F4A. a) O s ,  b) 15 s, c) 30 s,d)45 s, e) 60 s, f) 75 s, g) 90 s, h) 105 s, 

i) 120 s, j) 135 s, k) 150 s, 1) 165 s, and m) 195 S. 
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Fig. D.9 TypicaI velocity promes (in m d s )  in the modei bin with a f~xed insert, 

Test F4B. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, h) 105 s, 

i) 120 s, j) 135 s, and k) 150 S. 





Typical velocity profiles (in mm/s) in the mode1 bin with a fired Fig. D.10 

Test F4C. a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, h) 105 s, 

and i )  120 S. 





Typical velocity profiles (in m d s )  in the mode1 bin wïth a rotating Fig. D.11 

insert, Test R2A a) O s, b) 15 s, c) 30 s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, h) 

105s, and i') 120 S. 





insert,Test RIB. a) Os, b) 15 s, c) 30s, d) 45 s, e) 60 s, f )  75 s, g) 90 s, and 






