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INOTATION

" relative inlet area of feeder

tangential acceleration of volume

element in the semi active layer
base flap setting

regression parameter for active
tayer

regression parameter for semi
active layer

centripetal force of an element
external radial force

tangential force

tangential force of an element
inner friction force of an element
outer friction force of an element
net friction force in semi active
layer

acceleration of gravity

height of centre of mass

height of stud

moment of inertia of semi active

layer

ntercept in regregsion equatzon
centre of mass

mass of active layer

mass of element in aetive layer

“mass of semi active layer
mass of element in serad active layer

number of studs

flow from active layer.
+ flow from semi active layer

total mean mass flow from feeder

. radius of centre of mass
B radms of active layer
fadius of roller '

radius of semi active layer

distance
vo}ume of active Iayer

volume of stud . o
velocity of semi active layer

width of roller

deseription of flow from semi active
layer

;j'l'!'
pnf
p.tl

m.sl

v,

parameter in empirical models
angle of inclination

frictional work due to velocity

restriction of semi active layer
angle of radius between volume

slement and centre of roller
angle of feeder inlet

angle of feeder outlet

angle of mass centre

internal friction coefficient (dy-
namic)

internal friction coefficient (static)
density of active layer

density of semi active layer

angle of internal friction

angle of repose (dynamic)

angular velocity of roller

angular velocity of semi active layer
constant

rotational speed of roller (rev/s)‘ ".‘




All variables are explained in the text the first time they occur.

The different components of the studded roller feeder and the nomenciature used are
shown in Fig. 1.1 ‘

hopper

_ stud height
1o
L roller
Q | stud
il
5! (7 base flap
LLi
L,lﬂ .~ selting
base flop

Figure 1.1 Components and nomenclature of the studded roller feeder.

Angles are denoted positive in the counter clockwise direction. The 0 © angle is
defined as the 12 o’clock direction. The inlet angle ( 8, ) is defined as the angle at which

the material from the hopper enters the feeder. The inlet angle in this work is
congidered to be 0°. The outlet angle (8, ) is measured to the tip of the base flap (see

Fig. 1.1)

In this work no significant distinction is made between angular velocity and
rotational speed of roller. Although velocity is a vector while speed is not, the vector
characteristics of the velocity are not utilized in this work. o

In all theoretical and mathematical presentations the angular velocity is used. When
presenting settings of the feeder, of which angular velocity is one, the term rotational
speed is used. There are two reasons for this distinction: :

1. Angular velocity is the standardized unit which makes mathematical formulae
compatible without introducing recalculation constants. Hence, angular velocity
is used in theoretical contexts. Rotational speed is a measure utilized when
setting the feeder in field use and thereby an established way of describing the
rotation of the roller.,

2. Angular velocity was not actually measured, although it was assumed that the
roller axis was perpendicular to the feeder housing. The rotational speed of the
roller was the variable that was set to different values. Hence, the term rotational
speed of roller occurs in presentations of variable settings and results.



Since 1987 the Dept. of Agricultural Engineering and the Swedish Institute of Agri-
cultural Engineering have been working on a project aiming atincreasing the preci-
sion in and the effects of fertilizer spreading. This part of the work concerns an
investigation of the behaviour of granular flow from a studded roller feeder. o

Vigual studies through a transparent housing of the studded roller feeder indicated
that the granular flow could be divided into an active layer (the depth of which equals
the stud height), a semi active layer (between the active layer and close to the base
flap) which is dragged along with the active layer, and a passive layer (directly
against the base flap) where no continuous flow oceurs (see Fig. 2.1). :

N

Active fayer
Semi active layer

Passive laysr

Figure2.1. Active, semi active and passive layers in a studded roller feeder.

Empirical flow models showed that the mean mass flow from the studded roller feeder
depended on angular velocity of roller, stud height, base flap setting and median
particle size. The empirical models also show that the mass flow will vary with
inclination of feeder.

Mechanistic flow models based on a theoretical analysis of the flow from the active
and the semi active layer in the studded roller feeder showed good correlation with
measured data. Analysis of the regression parameters and the residuals indicated
that the models give a useful description of the flow from the feeder.

The angular velocity of the roller and the stud height was found to have the biggest
influence on the magnitude of the mass flow. Stud height changes both the general
level of the mass flow at a given setting as well as the response of the mass flow fo a
change in the angular velocity of the feeder.

The base flap setting was found to have a much lesser influence on the mass flow than
stud height. A change in base flap setting changed the general level of the mass flow
at a given setting of the feeder to a much lesser degree than a corresponding change
in stud height. Furthermore, the response of the mass flow to a change in angular
velocity of the feeder does not change with base flap setting.

The influence of changes in particle size distribution was marginal. An explanation of
this is that changes in particle size mean changes in internal friction. Since the
internal friction, according to the theoretically based hypotheses, only affects the
semi active layer, large changes in mass flow due to moderate changes in particle size
distribution cannot be expected.



The flow from the studded roller feeder will change as a function of inclination, This
is a well established fact in the literature, This work show that the effects of incli-
nation ig not neglectable in a high precision spreading system where application rates
are varied locally on the field. The empirical models point to a change in mass flow of
ca. 0.8% per degree incline. The work also indicates that the mass flow from the feeder
is dependent on the angle from the inlet into the feeder to the outlet (see chapter 1
"NOTATION" and Fig. 1.1 for definitions of angles). This an%le will change as a
function of inclination and as a function of base flap design (eg. base flap length).

According to the mechanistic flow models, the main part of the flow stems from the -
active layer. Mass flow variations due to inclination affect the semi active layer.

As a result of the work a new idea for feeding fertilizer with the studded roller feeder
was generated. If the semi active layer could be removed, the part of the feeder which
is subjected to influence of inclination and friction would probably vanish. By
increasing the stud height to provide enough flow and adjusting the base flap sefting
to zero this idea could be evaluated.

The work also identified several areas where knowledge is lacking. Examples of such
areas are correlation between angle of repose and angle of internal friction, theory for
granular flow and effects of confined spaces on bulk density.



3 INTRODUCTION

Since 1987 the Dept. of Agricultural Engineering and the Swedish Institute of Agri-
cultural Engineering have been working on a project aiming at precise and controlled
metering of fertilizer and the relationship of this with the physical properties of the
fertilizer. This part of the work concerns an investigation of the behaviour of granular
flow from a studded roller feeder. ¢ :

The‘ iiterattife review by Svensson [1990#1] points to several areas in the field of
fertilizing where more research is needed before we are able to assess, or fully
understand and influence, the factors controlling uniformity of spread.

Svensson {1990&] concludes théf.-the machine and the bperatpr must compensate for
disturbances emanating from the fertilizer, the field and the weather. He placed the .
following requirements on spreading technology in the future: S

1. The hopper should be designed as a unit coordinated with the delivery mechan-
ism in order to obtain stable and reliable metering of the granules.

2. The metering mechanism should be capable of delivering fertilizer of varying
physical properties in an unaltered flow. In addition, it should be pessible to
adjust the mass flow within wide limits. , _. :

3. The transport system must be capable of moving the fertilizer to the spreading
- mechanism without deteriorating its physical properties or the evenness of flow
_;achieved in the metering, = L ‘

4. The spreading mechanism must broadcast the fertilizer evenly over the entire
working width. The distance the granule flies through the air must be as short as
possible with regard to wind drift. ' I :

5. On a boom spreader, the boom must be stable and its movements in relation to
the ground must be minimized, o : :

With possible exceptions of areas 1 and 5, none of the above requirements are satis-"

factoriiy fulfilled today. . _ '

This work concerns the studded roller feeder. The feeder, or metering mechanism,
may not be the area where the biggest improvements in uniformity of spread are to
be gained. It is highly probable that improvements in the spreading mechanism will
increase the evenness of distribution to a higher degree. However, the metering
mechanism is intimately connected with the control ability of the spreader and.
thereby the possibilities to adjust the flow rate to the local need in the field. This
makes the metering mechanism an interesting choice when trying to improve the
spreading technology of today. =

Svensson [1990a] presented an idea on a new type of fertilizer spreader where the
metering mechanism was based on the cell wheel concept. Several authors claim that
this and similar types of metering mechanisms have cyclic fluctuations of the mass
flow [Kepner et al. 1980; Kanafojski, 1972). Preliminary trials by Svensson [1990b]
indicate that also the studded roller feeder has cyclic fluctuations in the mass flow,
but of a lesser amplitude. The important question is not whether a metering device
has cyclic fluctuations or not, but if the cyclic fluctuations are acceptable or can be
compensated for.



In the literature there is no doubt that the studded roller feeder is sensitive to slope
{Crowe, 1985; SMP Bulletins 3024, 3074, 3075, 3118; Riible, 1975]. When it comes to
* the influence of the technical design of the studded roller feeder on the mass flow, the
- literature. is limited. , l

In order to either improve or discard the studded roller feeder for use in future
spreader technology, further knowiedge of the device is needed. Bearing in mind our
understanding of the function of today’s dominating mechanism for precision ferti-
lizing (the studded roller feeder), there are good possibilities of developing a new

- mechanism without built-in old mistakes.

Svensson [1990a] concluded that it was not the uniformity of spread, but the effect of
~ the fertilizing on the crop that was important. He also concluded that we do not have
-enough knowledge of the effect of precision fertilizing on crop yield in order to be able
to evaluate the fertilizer spreader’s performance. Hence, improved knowledge of the
studded roller feeder’s performance is needed in order to provide comparison material
- when evaluating new metering concepts.

3.1 EXTENT OF THE WORK.

This report gives an account of experiments on and evaluations of the studded roller
 feeder in two areas:

1. Measurements of the dependent variable mean mass flow as a function of the
independent variables inclination of feeder, median particle size (d,), angular
velocity of roller, stud height and base flap setting.

+ 2. Evaluation of flow hypotheses based on force and ehergy analyses of the studded
roller feeder. :

The -WO_rk contains measurements of physical properties of granular fertilizers.
Properties measured and presented are particle size distribution, median particle
size (dy,), bulk density, angle of repose (dynamic) and mass flow properties.

The similarities and differences between internal friction and angle of repose are also
 discussed.
- 3.2 OBJECTIVES

" This work has the following objectives:

1.  Evaluation by regression analysis. Effects of the following independent
variables

independent variables important in field use
- inclination of feeder
- median particle size

operational i'nde%)_endent variables
- - angular velocity of roller

constructive independent variables
- stud height
- base flap setting



on the mean mass flow as dependent variable

S 0N measgred data

- force based ﬁbdél
- energy based model




4 THEORY AND HYPOTHESES

Analysing all dependent variables influencing the mean mass flow from the studded
roller feeder is a veriy difficult task and the analysis presented below is simplified and
based on the variables presented in Chapter 3.1 "OBJECTIVES". The models should
be regarded as models of understanding rather than flow prediction models.

4.1 OBSERVATIONS OF A FEEDER

In a pilot investigation, a studded roller feeder was studied during operation through
a transparent housing. Two circumstances were noted:

1. 'The flow movement from a studded roller feeder can be divided into two layers.
The first layer is close to the roller, between the studs, and its depth equals the
stud height. This layer will be denoted the active layer.

The second layer consists of granules that are dragged along with the active

layer. The depth of this layer seems to increase with increased distance between
the roller and the base flap. This layer will be denoted the semi active layer.

N

> =< Active layer
: ‘.4"-4 i) Soml active laysr

Figure 41, Active, semi active and passive layers in a studded roller feeder. The
arrows indicate the general movement of the fertilizer.

2. Close to the base ﬂai there is a third layer with no or very little movement
towards the tip of the base flap. This layer is exposed to a sorting procedure. The
smallest granules in the fertilizer batch will end up here. This layer will be
denoted the passive layer. The difference as compared to the semi active layer, is
the lack of continuous flow and the small particle size in this layer. Some of the
granules in the passive layer will eventually be metered out of the mechanism
due to disturbances caused by large granules in the semi active layer, but the
main flow from the feeder willycome from the active and the semi active layer.

The flow from the semi active layer is mentioned in the literature. Kanafojski [1972]
discusses this in his analysis of the fluted roller feeder. He explains the velocity in the
semni active layer as a function of friction. The friction is dependent on type of material
and moisture content. The flow from the semi active ipayer is quantified with a

coeﬁfiicient empirically measured by anonymous Soviet scientists in unreferenced
studies.



Gregory and Fedler [1987] investigated vertical granular flow through horizental
orifices. They redefine the shear stress with regard to granular flow. In their model,
the shear stress in the boundary layer between flowing and non-flowing material is
-calculated as a coefficient of drag multiplied by the velocity (t=k v ). This means
"that an increase in velocity will cause an increase in shear stress and thereby an
increase in the depth of the active layer in the case of the studded roller feeder. It

. should be mentioned that the "drag coefficient" is not dimensionless.

In later investigations, Fedler and Gregory [1989] empirically measured the coeffi-
cient. They found that the value of the coefficient was a function of shape, surface
texture and minimum particle length. Since the coefficient is a function of minimum
particle length, it will compensate for the orientation of granules that takes place
when long narrow granules (for example, barley seeds) flow.

4.2 FLOW FROM ACTIVE LAYER

According to the observations made during the pilot investigation, the following flow
hypothesis can be formulated:

The mean mass flow from the active layer is dependent on the volume of the
active layer, the bulk density of the material encilosed within the active
layer and the angular velocity at which the layer revolves around the roller
aégis. }’ll‘he layer volume is dependent on stud height, stud volume and width
of roller,

This flow hypothesis will hereafter be denoted the active flow hypothesis and can be
mathematically expressed as

Qa! '::. Wr *Par” (_Val - Vs) .

4 G)r : 4 - - : ' .

ch = E;E ’ pa! ! {Wr ) TE[(.R, + hs)2 “‘R}] - n.r ) Vs} [4 i]
where . =

O, = massflowfrom active layer V., = wvolumeofa stad.

y, = rotational speed of roller (rev/s) ®, = angular velocity of roller

ps = bulk density of material in active layer w, = width of roller

V, = volume of active layer R, = vradius of roller

n, = number of studs h, = height of stud

Eq. [4.1] is an approximation, The studs will create a shovelling effect which will
ensure that the active layer will have the same angular velocity as the roller. Since
the studs do not cover the entire width of the roller, a velocity reduction may take
place between stud rows.

The depth of the active layer may also deviate to some extent from the stud height,
The outer radius of the outermost layer of granules may not coincide with the arc
described by the top of the studs during rotation. The error in flow estimation created
by this difference will be limited since it will be dependent on the velocity difference
between the active and the semi active layer instead of the absolute velocity.
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4.3 FLOW FROM SEMI ACTIVE LAYER

In the following, the flow from the semi active layer is described based on a force
analysis and an energy analysis. The reason for the two different approaches is that -
the force analysis explains the inner mechanisms influencing the granular flow from
the semi active layer, while the energy based analysis enables the semi active layer -
to be considered a homogeneous unit. In the analyses below, positive tangential
girgcﬁion is counter clockwise and positive radial direction is towards the centre of the
eeder, T o : :

4.3.1 Forcfé“ hased analysis

AN

Figure 4.2. Cross section of the studded roller feeder. The hatched rectangles des-
ignate the free bodies (or volume elements) in the semi active layer used
for calculation in the force analysis at three different positions
(numbered). -

In the semi active layer the forces involved will act in different directions, depending
on location and whether the roller is at a standstill or rotating. Fig. 4.2 shows a vol- -
ume element located in the first quadrant of the studded roller feeder.

Fe Jo
A:
¢ sin@®
Mg SN m¢,cos 0
o

Figure 4.3, ?or&:es acting on a volume element in the semi active layer of a rotating
eeder.
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During rotation, the friction force closest to the centre of the roller (£} will promote
flow. Due to rotation, the centripetal force will counteract flow. From Fig. 4.3, the
tangential force { F7 ) and the centripetal force (FZ ) acting on a volume element may
be given as follows:

Fi=magsin®+f —f [4.2}
and
2
[ [ v
Fi= de; [4.3]
b

where R, =R +h, +§~

Equilibrivm further requires

2
Vi
fimf, =W mgl g cos O ~— . _ [4.4]
Rsl
Thus the following is obtained
v ‘
Fr=mgg sin®+p,myl g cos@—— [4.5]
Rsf e
where ‘ . -
Ff = tangential force in a volume element i, = internal friction coefficient (dynamic)
my; = mass of a volume element in the semi FX = centripetal force in element
- aetive layer g :
i = friction force at inner side of element’ v, = tangential velocity of element
f; = friction force at outer side of element R, = radius of semi active layer
b = = angle of radius between volume

base flap setting o 6
. N . element and centre of roller

For any arbitrary volume elemeﬁt in the semi active layer, the tangential forces
acting upon it can be expressed with the same equation. Expressing velocities as.
angular velocities gives - ST

Fr=mgg sin®+ W, mi(g cos9~w’ - R,) o [4.6]
where w, = angular velocity of semi active laiy'er.‘ &

When at a standstill, or if the angular velocity of the semi active layer is on the verge
of exceeding the angular velocity of the feeder, the friction force at the inner side of
the volume element will have the opposite direction to that in the case of a rotating
feeder (see Fig. 4.4). This means that the friction within the metered material will
become wholly flow restrictive. Furthermore, the friction coefficient will change from
dynamic to static when the velocity difference between the active and the semi active
layer becomes zero, which further restricts the possibilities for flow.
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F eR\ f;
J;
&
m,,§in@ m;;cos 9
)
Figure 44. Forces acting on a volume element in the semi active layer of a non-

moving feeder. F,; = external radial force.

From Fig. 4.4, the forces acting on a volume element during standstill can be
expressed as

Fr=mgagsin®—|f] -|£] [4.7]
i =M (mgg cos O+ F ) (4.8]
fo=WiFer | {4.91
where

Fp = external radial force, eg m‘g cos® of W, = internal friction coefficient (static)

the material on the upper side of the
semi active volume element.

Since the friction forces on the inner and the outer side of the volume element wﬂi
both act in the same direction, the external radial force must be taken into consider-
ation. When £ and f, work in opposxte directions, only the difference between the

friction forces is important. In that case, the net influence of the external radial force
will be zero. When the friction forces work in the same direction, the sum of the forces
must, be caiculated Hence the term F will affect both f; and f,. :

In the special case of g6< < , F.r can be substituted for the force exerted by a val-

ume element in the actlve layer (mig cos9).

Provided that p, =p, , the mass of the active layer can be expressed as a function of
the mass of the semi active layer :
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My __'Ral(eo mei) ’ hs "W, pal

— [4.10]
Ly Rs!(ao - 84) b - W, Py
Ral ' hs

= = M, =m, - 4.11

pai psl af sl Rs{ s b [ ]
h,
where
m, = ass of active layer R, = radius of active layer
m, = mass of gemi active layer 8, = inlet angle, defined as the angle at
which the material enters the feeder

0, = outlet angle, defined as the angle at

whi(_:h the material leaves the feeder

%rThe reader should be aware that the exprésSions. for the masses are slightly
- approximated, - : . - :

Assuming that the mass resting on the volume element in the semi active layer when
0<6 54’25 is at least as large as the corresponding mass of the active layer, the accel-

erations acting on a semi active volume element that is about to start its movement
can be estimated.

Let

Pat Mo [4.12)
Mgy m;

Fr=mygcos® A [4.13]

By substituting parts of eq. [4.7] according to eqs. [4.12] and {4.13] and rearranging
in accordance with Newton’s 2nd law, the final expression is obtained

. Ry h
Fr=mia; = a;=gsin0-pu,glcosd|1+2-2-2] [4.14j
Rs[ * b ) ‘
a; = tangential acceleration of volume
element in the semi active layer.
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Acceleration [m/s2]

0 50 100 130 300 350
Angle [deg]

Figure 4.5, Accelerations according to eq. [4.14] acting on a volume element about
- to start its movement in the semi active layer during standstill of

feeder. Accelerations calculated for a feeder with a radius of 26.1 mm, 8
mm stud height and 4 mm base flap setting (= depth of semi active
layer) and angular velocit%r 0 rad/s. Friction coefficient: 0.5,
Solid line: total tanpential acceleration
Dashad line: acceleration due to tangential part of gravity
Dotted line: acceleration due to friction

The accelerations calculated from eq. [4.14] are shown in Fig. 4.5. As can be seen in
the figure, the tangential acceleration of a volume element 1s positive only during a
small part of the arc described by the semi active layer. The conclusion s that the
angular velocity of the semi active layer will not exceed the angular velocity of the roller
under normal conditions.

Introducing the restriction ©, <, , the accelerations of a volume element in the semi
active layer of a rotating feeder can be calculated as

¢y =g sin@+p1,(g cosO~ - R,) 3 [4.15]
where ©; €, | |

Fig 4.6. shows the different components of tangential acceleration acting on a volume
element in the semi active layer.
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[y
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Acceleration {Wsz}

0 56 100 150 200 250
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Figure 4.6, Accelerations according to eq. [4.5] acting on a volume element in the

semi active layer of a studded roller feeder with a radius of 26.1 mm, 8
mm stud height and 4 mm base flap setting (= depth of semi active

la?rer) and angular velocity 4.19 rad/s. Friction coefficient: 0.5. C

- Solid line: total tangential acceleration e
Dashed line: acceleration due to tangential part of gravity
Dotted line: acceleration due to gravity induced friction
Dash-dotted line: acceleration due to centripetal force induced friction

From Fig. 4.6 it can be concluded that a volume element falling freely through the
semi active layer, will never reach the end of the base flap of a normally designed
§tudded roller feeder. This is due to the velocity restriction imposed by the active
ayer,

In the example shown in Fig. 4.8, the acceleration turns negative when the volume
element reaches an angle of 151°. Due to the velocity restriction, the tangential vel-
ocity at this point will be 15.1 cm/s (®, = o, ). The fast decrease of acceleration will

quickly brake the velocity of the volume element.

Since all volume elements will influence each other, the resultant tangential force
which will maintain flow in the semi active layer can be calculated as the sum of all
forces acting on the volume elements within the layer.

Let
e __ my
msl - 90 - 9" ‘ o {4.16]

Inserting eq. [4.16] in eq. [4.6] and integrating from the inlet angle to the outlet angle
gives the sum of tangential forces in the semi active layer.

0, m, 0,
Ff"mgf sin @ - de+u,-dgf cos @
- 8 ea - 94’ 8

m, :
g 49~ Mt -my R, a7

where
Fp= = tangential force in the semi active layer
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Solving the integrals gives the final expression

m, my . .
FT = [g (""' cO8 60 + CO8 9‘) + ;’i’fd 'éf‘:”%“ (Sli’l ﬁo -~ Sin el) - }X,-dms,(ﬂiRs, [4.3\ 8]

8, -9

The mass of the semi active layer {(m, ) is not constant. Its volume will change as a

function of the difference between inlet and outlet angle. This means that the mass,
and thereby the force in the layer, will change by 6, —6;. The mass of the semi active

layer can be expressed as

ea - 9:’ )
My =5y W, TR, +h,+b) —(R,+h)]
eo - ei 2 - |
==t py W, (R, + B+ BY - R+ B [4.19)
Py = &eﬁsity of semi active layer

The net tangential force as a function of outlet angle for the feeder characteristics
presented in Figs, 4.5 and 4.6 is shown in Fig. 4.7. The calculation is based on eq.
[4.18]. The bulk density of the semi active layer is set to 1000 kg/m°.

pi
o=y

Force [N]
£ s B B LA O =1 ND

0 50 100 150 200 750
Qutlet angle {deg]

Figure 4.7, = Net tangential force of the semi active layer as a function of outlet angle.
Calculation according to eq. [4.18]. Feeder with a radius of 26.1 mm, 8
mm stud height and 4 mm base flap setting (= depth of semi active
layer) and friction coefficient: 0.5. Bulk density: 1000 kg/m®.

Figs. 4.5 and 4.6 show a large difference in acceleration of the semi active layer (or
semi active volume elements) between rotating and non-rotating feeders. Although
Fig. 4.6 shows that a freely falling volume element will not pass through the feeder,
Fig. 4.7 shows that the forces in the layer are sufficient to maintain flow. From Fig.
4.5 it is obvious that flow can net be maintained during standstill. This indicates that
the semi active layer will move as a unity, ie. either the complete layer moves or there
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will be no movemenit at all. This is supported by observations made during the pilot -
study of the transparent feeder. The observations also support the work done by -
Aidanp#é et al. [1992], where a 2-dimensional system of disks was analyzed with a
computer model. They found that the disk system, when submitted to stress gener-
ated? by viscoelastic/frictional contacts between neighbouring disks, would shear
along a "failure layer". The conclusion is that the semi active layer does not behave as
a viscous fluid. The flow can be regarded as a unit of granules that is sheared off from
the main body of granules.

From éqs. [4.18] and [4.19] the semi active flow hypothesi.é (force based) can be
mathematically expressed as '

Qy=&-F; - [4200
where
L g myg . ,
Fp= 5 f’_ Y (~cos@,+cosB,)+ “id"é{“g (sin @, ~sin 8,) — W, m ,03R,,
o £ a 3
Q. = massflow from the semi active layer £ = constant (explained below)

The constant &, which has the dimension s/m, indicates that the mass flow from the
semi active layer will be linearly proportional to the force of the semi active layer.

4.3.2 Energy based analysis

Since the material flows in a continuous stream, all volume elements will influence
each other. Introducing the hypothesis that the semi active layer can be considered
as a rigid body (see Fig, 4.8), the velocity can be derived as a function of potential and
kinetic energy. In this way, it will be possible to handle the semi active layer as a unit,
rather than as separate volume elements.

\

o, R,
IRk b0
R telat

Figure 4.8, The semi active layer (hatched area) considered as a rigid body.
MC = Centre of mass of semi active layer
Ryc = Radius of mass centre :

hy = height of mass centre
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The semi active body will convert its potential energy to kinetic energy and frictional
Wafﬂiﬂ as 1(ti slides down towards the tip of the base flap. The change in energy can be
¢ ate as

ifs,.(ﬂd = mslg hg ""'f;lS . ‘ [4.2 1}
where ' . )

I, = moment ofinertia of semi active layer ho = height of mass centre at starting point

fi = netfriction force in semi active layer ¢ = distance travelled by mass centre

From eq. [4.21] the final velocity can be derived

mygho— fus

2
Wy =2
8] Is!
vy = Ry @) - . [4.22]
where
Ryc = distance between centre of roller and hy = Theight of MC which governs the
gentre of mass : + potential energy.

On the basis of eq. [4.22] the seini active flow hypatheszs (energy based) can be
deduced:

Q= Vsr ‘W, b . [4.23]

Sm.ce there is fnctlonal work mvoived the sign of o} has to be considered. If @}
turns negat:we, all energy . has been ccnverted to frictional work,

The different components of eq. [4.21] are given by -

I,=m, 2[(R +h,+bY + (R +h)] [4.24]
Fu = Wigmgg (sin O, —5in ) + 1, m 0GR, + A, . [4.25]
8§ =Ryc(8, — 6yc) [4.26]
where

9,-9,
my ===y W, (R, +h, +b) ~ (R, +h)] [4.19]
where _
8, = angle of the .radius drawn from centre A, = frictional work due to velocity restric-

of roller to MC tion of semi active layer

hy will vary with roller configuration (R,, h,,b ), inlet angle ( 8; ) and outlet angle (8, ).
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A, is an expression of the extra frictional work created as a result of the angular
velocity restriction (®, <, ). This quantity seems impossible to calculate in an
analytical expression, which leaves one unknown factor in this analysis.

4.4 SUMMARY OF THEORY

The analysis above can be summarized as follows.

1. The mass flow from the studded roller feeder is dependent on constructive inde-
pendent variables (R,,4,,V,,n,b) and operational independent variables (w,). -

Fertilizer properties ( u;,t, ) are of importance only in the semi active layer.

2. The flow from the active layer can be approximated as a function of roller
geometry and angular velocity, regardless of fertilizer properties. This may not
be valid for particles as small as fine sand, which may flow more independently

-of angular velocity, like a fluid. Particles with a diameter exceeding the stud .
height will also influence the active flow since the depth of the active layer will
then be a function of particle diameter and not of stud height.

3. The depth of the semi active layer is governed by the base flap setting. The base -
flap vnﬁ act as a throttle. In the case of the large particles mentioned above, the
increase of the active layer will occur at the expense of the depth of the semi
active layer.,

4. During rotation, the complete semi active layer will move as a unit due to the
reversed behaviour at standstill of the friction force of the inner side of the semi
active layer (£, in Figs. 4.3 and 4.4).

5. The flow from the serni active layer will varymth outlet angle due to the vari-
ation in accelerations as a function of outlet angle (see Figs. 4.6 and 4.7).

6. The material in the base flap is of no importance concerning flow from the semi
active layer as long as the base flap’s curvature does not parallel the curvature of
the roller (see Figs. 4.1 and 4.2). In that case, the friction between the base flap
imd the metered material will influence the outer friction force of the semi active

ayer.

The theoretical analysis has the following weaknesses:

1. The assumption that granules between stud rows will move at the same angular
velocity as the roller will not be true in extreme cases. Small granules, like fine
sand, or large distances between stud rows, will promote flows more indepen-
dently of the angular velocity of roller.

2, The author has been unable to estimate frictional work done because of the vel-
ocity restriction in the semi active layer (A, ).

As a result of the theoretical analysis, three flow hypotheses are presented; one for
the flow from the active layer and two for the flow from the semi active layer. The flow
hypotheses are briefly described below.

The active flow hypothesis describes the flow from the active layer and can be math-
ematically expressed as
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Qa! :‘yr : prx! : (Val - N Vs) :

Qal :Eé ’ pai ' {wr ' ﬂ:[(Rr +hs)2~Rr?l _,..n“g ) VS} [4°1]

The semi active flow hypothesis (force based) expresses the flow from the semi active o

layer based on a force analysis

Q,=E-F; | . [4.20]

where H
ms ms N 2

Fp= i (—cos8,+cos8)+H, 8 (sin@,-sin8) - “xdmsszle:

9;3' e 9,‘ 90 - 9;
The semi active flow hypothesis (enefgy based) is based on the assumption that the
semi active layer can be considered to be a rigid body with a potential energy that will
be converted to kinetic energy and frictional work during operation of the feeder

Qsl = Vs! * W, : b ’ l lA o [4'23]
where 7- |

. ) Mag ho~ fus
vy =Ry N o) = Ruc’\jz““f“"‘z‘““

g‘sr both semi active flow hypotheses, the mass of the semi active layer is described
y . . i

ﬂo—ei
2

ey =

P W, (R, +h,+bY ~ R, +h,)] [4.18]
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-5 EXPERIMENTS, MODELS AND METHODS |

. 5.1 EXPERIMENTS .

" The investigation consisted of three different experiments. All experimental plans are
presented in detail in Appendix A. Measurement methods, materials and equipment
used are presented in Appendix B. a .

. 8.1.1Horizontal feeder

The first experiment, hereafter called experiment no. 1, was performed on a horizontal
feeder. The objective of the experiment was to quantify the influence of the indepen-
dent variables presented in Table 5.1 on the mean mass flow as dependent variable.
The different variable settings used are also accounted for in the table.

Table 5.1, Independent variable settings used in experiment no. 1 (horizontal

feeder),
"Inde%endent T Variable name . Used settings
variable type : o :
Field use Median particle size (dg,) 2.3,3.3mm
Operational ‘ Rotational speed o .. 20, 40, 60 rpm
Constructive Stud height o | 4,8,12mm
" Constructive Base flap setting | 2,4, 8mm

The experimental unit in this experiment consisted of one measurement with a
fertilizer with specified particle size, a specified rotational speed of roller, a specified
height of stud and a specified base flap setting. The complete experiment consisted of
two blocks of 18 experimental units each.

In the experiment a "split split plot" design of the experimental plan was used. Due
to the many variables influencing mass flow and the limited amount of fertilizer
available, all possible combinations were not represented (see Appendix A). At the
time of the experiments the time factor was also important. Large experimental plans
would have been highly susceptible to block effects due to moisture uptake of the
fertilizer during the difficult weather conditions. ,

The rotational speeds of the roller were chosen in order to partly cover normal
working conditions. It should be observed that it is not unusual to find rotational
speeds exceeding 100 rpm in field use, It was impossible however to cover the full
range of speeds experienced in field use (0-200 rpm). The fertilizer available for the
experiments would not have been sufficient to cover the demands of such a large
. experimental plan. _

"The stud heights were chosen in order to cover normal heights (4-6mm) and to test
the influence of high studs (8-12mm). The author’s judgement was that it was more
interesting te cover high studs than low ones.
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The base flap was adjusted decording to openings that were small (2mm), normal
(4mm) and large (8mm) as compared to settings used under practical conditions.

There were two objectives for dividing the fertilizer into two particle size distribu-
tions. Firstly, it was important to evaluate the influence of the ratio particle size/stud

height (%9 ), As mentioned in Chapter 4.4 "SUMMARY OF THEORY", this ratio may

influence the difference between the stud height and real depth of the active layer.
Secondly, a difference in the particle size spectrum means a difference in the natural
angle of repose. As shown in Appendix C, this means that the two fractions will differ
in internal friction. Since there are no standardized methods for measuring internal
friction available, measuring the angle of repose is a convenient compromise. Fur-
thermore, separation effects during filling of the hopper in the ex eriment stand will

be reduced if material with a narrow particle size spectrum is uti ized.

5.1.2 Inclined feeder

Since it is a well established fact that the mean mass flow from the studded roller
feeder will change as a function of inclination [Svensson, 1990al, no separate
experiment was performed to verify this. Instead two experiments were designed in
order to find or eliminate causes for the changes in mean mass flow. The design of the
experiments themselves meant a verification of the mass flow changes when the

feeder was inclined.
Experiment no. 2 (reduction of inlet area), fulfilled the following two purposes:

a) to find if the result of inclination is an effect of reduced inlet area
b) to find the effects of inclination on mean mass flow

Experiment no 3. (reduction of narrowest passage), fulfilled the following two pur-
poses:

a) to find if the result of inclination is an effect of a reduction of the area at th
j narrowest passage the fertilizer passes in the feeder : :
b) to find the effects of inclination on mean mass flow :

In both experiments, the feeder was inclined -14°, -7°, 0°, +7° and +14°. Positive

inclination in the experiments is defined as a clockwise rotation around the roller axis
of the feeders shown in Fig. 5.1 (see also Fig. B.1 in Appendix B).

In experiment no. 2; the inlet to the feeder was partly blocked by adjusting a plastic
slide at the inlet (see Fig. 5.1, left). The inlet area was thereby reduced by 10%. An
inclination of 14° is equivalent to a 3% reduction in horizontal inlet area. If the
‘hﬁothesis that the change in flow depends on the reduction of the inlet area was
valid, a 10% reduction cught to create vast effects. : '

In experiment no. 3, the narrowest horizontal passage in the feeder was reduced 10%
(see Fig. 5.1, right). This was done by inserting a piece of wood at the indicated line.

The different angles were chosen to simulate a ncrmal and a steep slope. The exact
values of the angles depended on the maximum rotation of the measurement stand
(see Appendix B). o S ’
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-In all measuremerits the stud height was 4 mm, the base flap setting 4 mm and the
* rotational speed of the roller 40 rpm, - .

Reduction
plane

Figure 5.1. Positions where the inlet (left) and the narrowest passage (right) were

reduced during experiments no. 2 and 3.

5.2 REGRESSION ANALYSIS

The influence of the independent variables on the mean mass flow was first evaluated
by building empirical models (black box models). Since the inclination was not part of
the combined question at issue before the first experiment (horizontal feeder),
evaluations of the horizontal and inclined feeder experiments were done separately.

" The empiﬁcal models- were anivéd at by the. backward elimination procedure
described by Draper & Smith [1981]. The basic steps in the elimination procedure
were as follows: - ,

1. A regression equation containing a complete .model was computed.

2. The partial F-test value was calculated for each independent variable or variable
combination treated as if it was the last variable t0 enter the regression equation.

3. The lowest partial F-test value, say F,, was compared with a preselected sig-
nificance level, say F,.

a) If F; <F,, the variable which gave rise to ¥, was removed from consideration

and the regression equation containing the remaining variables was recomputed.
Then stage 2 was reentered.

b) if F, >F,, the regression equation as calqulated was aciopted.
The prese}ectéd significance level in this work was 0.95.

In the present experiments it was chosen not to make block effects a part of the
_ empirical medels since block effects are difficult to quantify in a prediction equation.

The inﬁﬁen'ce of changes of individual independent variables on the mean mass flow
was calculated in the form of sensitivity analysis, as follows:
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1. The mean mass flow from a feeder with settings normal in field use was calcu-
lated according to the empirical equation obtained with the backwards elimin-
ation procedure.

2. Each individual independent variable was increased and decreased by 25% and
the mass flow was calculated for each change.

The variable settings used for the "standard feeder" are accounted for in Table 5.2,

Table 5.2 Setting of feeder used for evaluation of influence of changes in variable
settings. ‘

Independent variable Setting

Median particle size 2.6mm  NPK 20-3-5 (prills)
Angular velocity : . 419rad/s =40rpm
Stud height 4 mm
Basge flap setting 4 mm
5.2.1 Horizontal feeder

The complete model for the first regression on the data from experiment no. 1 con-
sisted of the following independent variables and variable combinations: .

Qo =Bo+B1- @, + By i+ B0, - B+
By b+Bs o, - b4+Ps-@,-h,-b+
B, dig+ By~ dso- hy+Bo-dg b +Prg-dso - by b +
By ds b b0+

dsg dsg
B - +Bu b0, ._ [5.1]
L] £-3 . .
where
0, = total mean mass flow from feeder B, =parameter

Pilet studies indicated no qﬁadratic relationships influencing the mean mass flow.

§.2.2 Inclined feeder

The complete model for the first regression on data from both experiments no. 2 and
3 consisted of the following independent variables and variable combinations:
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Qoo = Bo+ By y+By-A+By-y- A+ ¥+ ﬁs“;_’Yz'A R o R iR
where _ - .
Y  =angle of inclination " ' A =relative inlet area

The express'ion relative inlet area needs an explanation. Since the actual area in
these experiments was of less importance, the original inlet area was set to 1.0. By
reducing the inlet area by 10% the relative inlet area 0.9 was obtained, :

For this set-up, pilot studies indicated that quadratic effects may influence the
resultant mass flow, hence the term 7.

5.3 MECHANISTIC MODEL EVALUATION

Since the theoretical analysis ended with one unknown variable, two models based on -
the force and the energy analysis were tested against measured data. For these
regressions, the measured data from experiments 1, 2 and 3 were merged to one
single data set. The models were fitted against the complete data set containing 156
observations of the mean mass flow. The data set contained 3 stud heights, 3 ferti- -
lizers (different particle size distributions), 3 base flap settings, 5 inclinations and 3
angular velocities of roller.

From a scientific point of view this may not be a good approach. In order to be able to

merge data sets recorded on different occasions, time dependent effects should not be

present. Although all measurements took place in a laboratory, some time dependent

effects (block effects) were discovered. Still, since the output angle is very important

itili the xgei:hanistic models, the author decided to merge the data sets when evaluating
e models, . Y S _

@hi models haci the same build-—ﬁp; but differed in: content, The models tested were of
the type

Qlof =Cy Qa! + Ca” xsl + lreg [5'3]
where
Xy = expression describing the flow from the ¢, = regression parameter for active layer
.. - seiniactive layer , "
¢y ' = - regression parameter for semi active /,, = estimated intercept
layer

The equations evaluated in the regression analysis differed in three ways from the
corresponding flow hypotheses presented in Chapter 4. The three differences con-
cerned the dynamic ceefficient of internal friction (i, ), masses in the active and semi u

active layer (m,;m, ) and the angular velocity of the semi active layer ( @y ).

The friction coefficient (1;,) proved to be a problem in the experiment evaluation.

Since the results of internal friction measurements are very method dependent and
no standard method for measuring internal friction is available, the friction coeffi-

cient (1, ) was calculated on the basis of the dynamic angle of repose instead of the
angle of friction. The angle of repose and the angle of friction are not independent of

each other and may, in this case, be very similar. For a more detailed discussion on
this subject, see Appendix C.
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The masses in the active and semi active lavers were substituted for the
corresponding volumes. There are two reasons for this. Firstly, the bulk density in the
feeder is unknown. It is highly probable that the bulk density within the feeder will
be different from the bulk density measured with standardized methods because of
the confined space for the material within the feeder. The relationship between
fertilizer and void is dependent on particle size distribution and total volume. Sec-
ondly, the differences in measured bulk density for the materials used were very
smaﬁ (see Appendix B) which indicates that the volume is a good approximation for
the mass of any one of the fertilizers used. Using the volume instead of the mass is
equivalent to setting the bulk density tc 1.0. The bulk densities of the fertilizers used
in the experiments were 1060-1080 kg/m® (measured according to ISO 3944:1980).

oular ve f the semi active laver ( @? ) was part of the sought answer,
it was approximated with the angular velocity of the roller (@) in equation [5.6] and
in the friction calculus in eq. [5.8] (see eq. [4.25]). In all three equations, the change

concerns the expression for the friction generated by radial acceleration. The influ-
ence is marginal according to Fig. 4.6. C

Since the ay velo of the

aliE]

"In all models, the-deséription of @, was based on the active flow hypothésié {eq.
[4.1]), but with mass substituted for volume.

o, | :
Q=5 W, wlR, +h) R —n, -V} 5.4

_6.3.1Force based model

The force model was based on the active flow hypothesis (eq. [4.1]) and the semi active
flow hypothesis (force based, eq. [4.20]). The actual model, after the modifications of
‘mass, friction coefficient and angular velocity mentioned, was as follows

Qiat =l Qau‘ +ey- Fsl + lreg [5.3]
where
Vs i Vs .
F, =8 (- cos8,+cos8)+ i (in@, —sin8) — puV, iR, [5.6]
99 - 6; 90 - e,' ’
Mg = tan{f;,)

The objective of the force model was to confirm the correlation betweeh the fbrcés in
the semi active layer, as stated in Chapter 4, and the mean mass flow from the
studded rolier feeder. ‘

" 65.3.2 Energy based model

‘The energy model was based on the active flow hypothesis (eq. ‘['4".'1])'and the semi
active flow hypothesis (energy based, eq. [4.23]). This model was also modified in the
same way as the force model and can be described as ' o o
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Q!al = Cat Qal +Cy Vg b wr+!reg i 5.7
where _
. V. - fas |
Va mRMcVZ“i’g"?’”"‘fi“ | ' [5.8]
s ) .

The objective of the ener%’y model was to verify the simplified view on the granular
flow from the semi active layer as described by eq. [4.23]. Extremely high correlations

were not expected due to the unknown magnitude of the influence of the velocity
restriction (A, ).
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6 RESULTS

All statistics were calculated using the Statistical Analysis System, version 6, en a
personal computer.

The experiment on the horizontal feeder (experiment no. 1) did not contain significant
block effects, main plot, split plot or split split plot errors. '

Tfi%e experiments on the inclined feeder (exp. nos. 2 and 3) showed significant block
effects. ' L : :

6.1 REGRESSION ANALYSIS

The objective of the regression analysis is to quantify the influence of the inderndent
variables mentioned in Chapter 3.2 "OBJECTIVES" on the dependent variable mean
mass flow from the studded roller feeder.

6.1.1Horizontal feeder

The backwards elimination procedure on the data measured on a horizontal feeder
resulted in the following model (all units in SI-units)

0 ==0.635-10°-125:10" 0, +0.699 - &, +0.990 - w, - 4, +
0201 -, -b+322-h,-b~-151-h,-ds, | [6.1]

Eq. [6.1] is statistically significant and exceeds the 0.999 significance level. The
correlation with measured data is good (R*=99.9%). The intercept is not significant.

%g 1I‘}ig‘. 6.1 measured mass flow data are plotted against mass flow predicted by eq.

90 ' . . X . . \
80} _ ]
701 .
60+
sof -
40| &
30} A
20} +*

10} ¥

0016330 40 5060 70 80 90

Predicted mass flow (gfs)

Figure 6.1 Measured mass flow data plotted against mass flow predicted by eq. [6.1].

Measured mass flow (g/s)
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The predicted mean mass flow for the settings of the "standard feeder" presented in
Table 5.2 is 15.8 g/s. The results of the sensitivity analysis are presented in Table 6.1.

Table 6.1 Resulis of sensitivity analysis. Setting referred to as normal is presented

in Table 5.2.
Independent variable Setting Change in
mean
mass flow
Median particle size -25% +2.5%
normal 0%
+25% -2.5%
Angular velocity -25% -23.3%
normal - 0%
o | +25% +23.2%
Stiid height 25% 31.4% .
N normal 0% -
+25% +29.0%
Base flap setting -25% 82% .-
normal 0%
+25% +6.1%

" As shown in Table 6.1, angular velocity of roller and stud height exerts the biggest
influence on the predicted mass flow. The influence of changes in particle size
_ distribution is very limited.

6.1.2 Inclined feeder

Both inclined feeder experiments (exp nos. 2 and 3) had significant block effects. In
these experiments it wag chosen not to make the block effects part of the regression
models since the block effects are difficult to quantify in a prediction equation.

The backwards elimination procedure on the data recorded on the inclined feeder in
experiment no. 2 (reduction of inlet area) resulted in the following model (angles ()
in degrees, mass flow in g/s)

Qo =17.5+0.140 - y+0.899 - 107 -y’ [6.2]

Eq. [6.2] is statistically significant and exceeds the 0.999 significance level. The
correlation with measured data is worse than for experiment no. 1 (R*=96.4%).

In Fig. 6.2, measured mass flow data and mass flow predicted by eq. {6.2] are plotted
against inclination of feeder.

r '
B IAPI R
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17}

Mass flow (gfs)
by

15}

M55 0 5 10 15
Inclination {deg)
Figure 6.2 Measured and predicted mass flow data plotted against inclination of
feeder predicted by eq. [6.2]. Data from experiment no. 2 (reduction of
inlet area). Circles = observations. Line = predicted mass flow.

From experiment no. 3 (reduction of narrowest passage) the following model was
derived (angles in degrees, mass ﬂew in g/s)

Q. =16.9+0.136 -y | [6.3]

Eq. [6.3] is also statistically significant and exceeds the 0.999 sxgmﬁcance level. The
correlation with measured data is not good (R*=93.0%): Co

In Fig. 6.3, measured mass flow data and mass flow predmted by eq. [6.3] are plotted
against inclination of feeder. . “

20

19}

Mass flow {(g/s)
3 %o

—
<R
¥

15¢

Yo %5 6 5 15 s
Inclination {deg)
Figure 6.3 Measured and predicted mass flow data plotted against inclination of
feeder predicted by eq. [6.3]. Data from experiment no. 3 (reduction of
narrowest passage). Circles = observations. Line = predicted mass flow.
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The relative change in mean mass flow when the feeder is'inclined 10° is presented
in Table 6.2. The "standard feeder” is the same as in Table 5.2.

Table6.2 Relative influence of inclination on mean mass flow according to egs. [6.2]
and [6.3]. Setting referred to as normal is presented in Table 5.2. ‘

Experiment Inclination Change in
mean

mass flow
Reduction of inlet of -10° -7.5%
feeder (exp. no. 2, eq. 0° 0%
[6.2]) +10° +8.5%
Reduction of narrowest -10° -8.0%
passage (exp. no. 3, eq. 0° 0%
[6.3]) +10° +8.0%

6.2 ANALYSIS OF MECHANISTIC MODELS

The objective of the regression of the mechanistic models was to evaluate the
theoretical approach, where mechanistic knowledge was used to find suitable models.

The force model and the energy model are two different ways of describing the same
flow. Hence the models will be examined simultaneously.

The result of the regressions of the force model and the energy model are summarized
in Table 6.3.

Table 6.3 Smary of regression results on the force model and the energy model.

Variable Degrees of Mean  p-value R?

g freedom square SR %]
Force model 2 11767.4 0.6001 98.8
Q. 1 21323.0 0.0001
F, 1 329.2 0.0001
Energy model 2 11832.7 0.0001 90.3
Cu 1 22896.5 0.0001
vy bew, 1 459.6 0.0001

Both models were significant above the 0.999 level and well correlated to measured
data, The estimated parameters are accounted for in Table 6.4.
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Table 6.4 Estimated parameters for the mechanistic models. The parameters are
| fitted for variables measured in SI-units. ‘

Model . Variable Parameter

Force model Q. ca = 883.61
F, ¢y = 45.51

Intercept ~0.94.107

Energy model Qu ¢y = 899.40
Vyobow, ¢, = 0.38

Intercept -8.56- 107

In Figs. 6.4 and 6.5, model outputs are plotted against measured data.

90 T T T T T ¥ T T
80 | :

70} s ]
60 | )
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30} 5 o |
20+ sf w7 : 1
10t ‘ !
0TI T30 0 4050 60 70 80 90

' Predicted mass flow (g/s) :

Figure 6.4. Megs;xred mass s flow plotted against mass flow predicted by the force
mode ‘

" Measured mass flow (g/s)
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Figure 6.5, Megsizred mass flow plotted against mass flow predicted by the energy
model.

6.2.1 Influence of inclination

As shown in Fig. 6.6, the force model adapts to changes in mass flow as a function of
inclination. The adaptation does not follow measured data closely.

o ; S -
19~-%._ L :
LR |
St I % ‘ L
3 + x o
3
2 | S
2 161 o % §~
:

4 ' : : . .
165 170 175 180 185 190 195
Output angle (deg)

Figure 6.6, Measured mass flow from experiments no. 2 and 3 (inclined feeders)
plotted against mass flow predicted by the force model.
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Fig. 6.7 shows the adaptation of the energy model to changes in mass flow as a
function of inclination.
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Higure 6.7, Measured mass flow from experiments no. 2 and 3 (inclined feeders)
plotted against mass flow predicted by the energy model. ,

6.2.2 Influence of median particle sizé

A change in median particle size leads to a change in internal friction and angle of
d,
repose. The ratio f—° did not prove significant in the empirical model for a horizontal

d, .
feeder, In the mechanistic models, f—" was not a part of the equations. Instead
expressions containing the friction force were used. Hence, the 1nf1uence of the angle
of repose, as a function of median particle size, on the mean mass flow is accounted
for in this part of the work.

As indicated in eq. [6.1] and shown in Table 6.1, the influence of changes in angle of
repose on the mean mass flow is marginal, This is also supported by the force model
and the energy model (see Figs. 6.8 and 6.9).
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Figure 6.8, Example of masgs flow as a function of angle of repose and rotational

speed. Lines: output from the force model. Solid line: ¢,,: 31.5°. Short
dashes: ¢,,: 35.4° (observe that the lines cover each other). Symbols:
measured mass flow data for d;;=2.3 mm (star) and dy,=8.3 mm (circle).

Stud height: 8 mm. Base flap setting: 4 mm. Output angle: 180°.
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Example of mass flow as a function of angle of repose and rotational

speed. Lines: cutput from the energy model. Solid line: ¢,,: 31.5°. Short

dashes: ¢,,: 35.4° (observe that the lines cover each other). Symbols:

measured mass flow data for d;=2.3 mm (star) and dy=3.3 mm (circle). .

Stud height: 8 mm. Base flap setting: 4 mm. Output angle: 180°.
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8.2.3 Influence of stud height

Stud height has a large influence over the volume in the active layer. Figs. 6.10 and
6.11 show the mass flow from the studded roller feeder as a function of stud height
and rotational speed of roller. The lines in the figures are output generated by the
flow models. The stars represent data measured for the particular settings used as
inputin the flow models. In both figures, base flap setting equals 4 mm, d;; equals 2.3
mm and the output angle is 180°,
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V66364 06 08 10 12
Rotational speed (rev/s)

Figure 6.10. Example of mass flow as a function of stud height and rotationa! speed.
Lines: output from the force model. Solid line: 4 mm stud. Dotted line:
8 mm stud height. Dashed line: 12 mm stud height. Stars: measured
mass flow data. Base flap setting: 4 mm. d,, of fertilizer: 2.3 mm. Qutput
angle: 180°,
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Figure 6.11, Example of mass flow as a function of stud height and rotational speed.
Lines: output from the energy model. Solid line: 4 mm stud. Dotted line:
8 mm stud height. Dashed line: 12 mm stud height. Stars: measured
mass flow data. Base flap setting: 4 mm., d, of fertilizer: 2.3 mm. Quiput
angle: 180°.
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- In Figs: 6.10 and '6.11 it can be geen that a change in stud _héi’ght” will change the
- general level of the mass flow, The slope of the line describing the mass flow as a
- function of angular velocity will also be affected. B o

6.2.4 Influence of base flap setting

The base flap setting governs the depth of the semi active layer. A change in base flap
setting will change the flow from the semi active layer and thereby the total flow.
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701
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X S ¥ R Y3y 10 12
Rotational speed (rev/s)

Figure 6.12. Example of mass flow as a function of base flap setting and rotational
speed. Lines: output frem the force model. Solid line: 2 mm base flap
getting. Dotted line: 4 mm base flap setting. Dashed line: 8 mm base
flap setting. Symbols: measured mass flow data for 2mm (star), 4 mm
(circle) and 8 mm (x) base flap setting. Stud height: 8 mm. d;, of
fertilizer: 2.3 mm. Output angle: 180°.
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Figure 6,13, Example of mass flow as a function of base flap setting and rotational
speed. Lines: output from the energy model. Solid line: 2 mm base fiap
setting. Dotted line; 4 mm base flap setting. Dashed line: 8 mm base
flap setting. Symbols: measured mass flow data for 2mm (star), 4 mm
(circle) and 8 mm (x) base flap setting. Stud height: 8 mm. dyo of
fertilizer: 2.3 mm. Qutput angle: 180°.
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- Figs. 6.12 and 6.13 show the mean mass flow as a function of base flap setting and
rotational speed of roller. It can be seen that a change in base flap setting will change
the general level of the mass flow. The slope of the line describing the mass flow as a
function of angular velocity is not aﬁecte£
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7 DISCUSSION

The objectives of the work, stated in Chapter 3.2, were largely fulfilled. The rela-
tionship between the independent variables (inclination of feeder, median particle
size, angular velocity of roller, stud height and base flap setting) and the dependent
variable (the mean mass flow from the studded roller feeder) is basically predicted by
the theoretical analysis and supported by the analysis of measured data.

7.1 VALIDATION OF EMPIRICAL MODELS

The three empirical models arrived at for horizontal (eq. [6.1]) and inclined feeders
(egs. [6.2] and [6.3]) have high significance levels (>0.999). The residual distribution
for the horizontal feeder model had a skewed distribution (Fig. 7.1). This motivates
further investigations of the validity of the model. :

The models for the inclined feeder had narrow and ndrmally distributed residuals
(Figs. 7.2 and 7.3). The difference in variable sets between the two models is a ques-

tion of chosen significance level. The quadratic term in eq. [6.1] (¥ ) was on the border

of being rejected. An increase of the predetermined significance level for individual
independent variables in the elimination procedure would have resulted in identical
equations (Q,, = B,+ B, - V). Hence, the difference between eqs. 6.2 and 6.3 is judged to

be marginal.

Frequency

(-2 K~ B B T - -

-6 <& -6 -3 -2 - 0 . t 2 3 4 5 4
- Residual class |
Figure 7.1, Residual distribution from the empirical model for horizontal feeder in

exp. no. 1 (eq, [6.1]). The residuals are divided into classes. Each class
coversa width of 1 g/s. ' ,
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Frequency
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-8 -5 -4 -3 -2 -1 0 i 2 3 4 8 ]

Residual class

Figure 7.2. Residual distribution from the empirical model for incliz;éd' feeder in
exp. no. 2 (eq. [6.2]). The residuals are divided into classes. Each class
covers & width of 1 g/s. '

Frequency

-8 -5 -4 -3 B4 1 1] 1 2 3 4 5 ]

Residual class

Figure 7,3, Residual distribution from the empirical mode! for inclined feeder in
exp. no. 3 (eq. [6.3]). The residuals are divided into classes. Each class
covers a width of 1 gfs. '

Since there were too few observations in each data set to utilize data splitting tech-
niques in the validation (see Chapter 7.2 "VALIDATION OF MEC ISTIC
MODELS"), the elimination procedure was reversed in order to improve the shape of
the residual distribution.

By adding three more variables/variable combinations, the shape of the residual
distribution was s%htly improved. None of the added variables were sidgllﬁﬁcant in
the partial F-test. The im{Jroved distribution is presented in Fig, 7.4. Adding further

variables, up to the complete model (eq. [5.1]), did not improve the shape of the dis-
tribution further,
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" Figure 7.4, Residual distribution from the expanded empirical model for horizontal
: feeder in exp. no. 1. The residuals are divided into classes. Each class
covers a width of 1 g/s.

There may be several reasons for the slightly skewed residual distribution obtained
in experiment no. 1. The uneven shape may be due to the relatively few observations
in combination with small residuals. The effect of this is thatonly a few observations
negd to "slip into the wrong residual class" in order to distort the shape of the dis-
tribution. g

Another explanation is the influence of a "lurking variable". A lurking variable is a
variable not recorded and thereby not seen, which will influence the result. In
experiment no. 1, the risk of a lurking variable seems small. Pilot studies (Svensson,
1990b) indicated only linear relationships between flow and independent variables,
aiad mosj(:l of' the one-, two-, three- and four-factor relationships were part of the com-
plete model. e ' '

The author’s judgement is that the disﬁortedresidual shape is an effect of few obser-
vations and small residuals. f :

7.2 VALIDATION OF MECHANISTIC MODELS

According to the results presented in Chapter 6. "RESULTS", the force model and the
~ energy model both seem to be useful models in understanding the flow mechanisms,
" As a first investigation of the validity of the models, the force model and the energy

model were fitted to a data set containing half of the measured observations (=78

obs.). The residuals between the cutput from the parameterized models and the

unused data were calculated. The increase in mean square error was 6.2% for the
~ force model and 15.6% for the energy model. This indicates that both models can be
- useful in order to understand the mean mass flow from the studded roller feeder,

although the increase in mean square error for the energy model is disturbing.
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Figure 7.5, Residual distribution of the force model from the complete data set. The
residuals are divided into classes. Each class covers a width of 1 g/s.

Frequencjr

Residual class

Figure 7.6. Residual distribution of the energy model from the complete data set.
The residuals are divided into classes. Each class covers a width of 1 g/s.

Ei‘gs. 7.5 and 7.6 show the residual distributions of the force model and the energy
model from the complete data set. According to the figures, the energy model has a
closer fit to measured data than the force model.

Examination of the residuals also indicates that the models will overestimate flow at
small base flap settings (2mm) and underestimate flow at large base flap settings
(8mm). An explanation of this is that the actual density in the feeder is a function of
space available. In small confinements, the ratio fertilizer volume/void volume will
decrease. Since both models assume uniform density regardless of material and
settings of feeder, certain discrepancies between model output and measured data
can be expected. It should be noted that the theory presented in Chapter 4 does take
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differences in density between layers into consideration. Due to the lack of knowledge
- of densities in confined spaces, the possibility of different densities was not utilized in
- the model evaluations. : : . v

The stébiiity of the parameter's'obtained was alse investigated. Different parts of the
- complete data set were extracted according to different criteria and the model para-
n%eters were fitted. The subsets of data used in the stability test contained 60-84
observations.

For both models the parame{;er fitted to the flow from the active layer ( ¢, ) was very

stable. For the energy model it had a maximum fluctuation of 6.5% as comlpared to
the corresponding parameter fitted to the complete data set. The force model showed
 slightly more fluctuation for ¢, with a maximum value of 8.3%. Furthermore, the
parameter fitted to the flow from the active layer is roughly the same regardless of
model used (see Table 6.4). The stability of the parameter regardless of model or data
used, strongly suggests that eq. [4.1] is a good estimator of the flow from the active
_layer. The parameter (880-890) can be seen as an adjustment of the bulk density of
" the material used (= 1070).

. The residual analysis and the stability test imply that the active layer behaves as a
- true velumetric feeder. o .

The parameter fitted to the ﬂéﬁ from the semi active lajrer { és, ) fluctuated lérgely for
. both models (maximum of 117% for the energy model and 237% for the force model).

The biggest fluctuations were obtained when the parameters were fitted to data
containing a specific base flap setting,

A plausible explanation for the more pronounced fluctuation of ¢y as compared to

fluctuations in mean square error is that the fluctuations in the stability test also

contains the block effects in exp. nos. 2 and 3. The conclusion is that although the

- models can be used as a tool of understanding the flow mechanisms, the stability test
clearly shows the models are not fit for flow controlling purposes. :

- Itis difficult to separate the energy model and the force model. Both models have high
coefficients of correlation and are significant above the 0.999 level. The residuals
seem normally or close to normally distributed. Both models show instability in the
parameter for the semi active layer. The force model has a small intercept and lacks
a good fit to measured mass flows from inclined feeders, The energy model has a large
intercept and a good fit to measured mass flows from inclined feeders. For both
moiﬁs, an analytical description of the velocity restriction may improve model
results,

7.3 INFLUENCE OF INCLINATION

- From Figs. 6.2, 6.3, 6.6 and 6.7 it is obvious that the empirical models have the best
- fit to data measured on an inclined feeder. The similarity between the parameters in
eqs. [6.2] and [6.3] further strengthens the conclusion that the effects of inclination of
feeder on mean mass flow are not due to changes in inlet area or narrowest passage.

The main difference between eqgs. [6.2] and [6.3] is the quadratic term in eq. [6.2].
Reducing the sc. o -risk from 5% to 1% by increasing the predetermined significance
level in the backwards elimination procedure, will exclude the quadratic term in eq.
[6.2] leaving two equations with the same structure and almost the same parameters.
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A remaining question is whether the influence of inclination id linear or not. The
preliminary trials by Svensson [1990b] indicates a non-linear relationship. The stat-
istical results from this work indicates a linear relationshi{s. The semi active flow
h}gcthesis (force based), described by eq. [4.18] and graphically displayed in Fig. 4.7,
indicates that the influence of inclination is linear in the interval tested but contains
quadratic influences as a whole. This discussion points to the need of further experi-
ments in this area. ' :

Of the mechanistic models, the energy model is more precise than the force model.
Still, the reaction from the energy model to a change in incline does not seem to be
fully satisfactory. The flow seems to be underestimated at small outlet angles,

A closer study of the residuals supports this impression. In both cases, the hypothesis
that the residuals for inclined feeders are zero cannot be supported. Still the residuals

are lower for the energy model than for the force model.

The difference between the response from the force model and the response of the
measured mean mass flow on changes in inclination of feeder implies an erroneous
model.

Fig. 4.7 shows that the behaviour of the semi active flow hyﬁmthesis (force based, eq.
[4.18]) correlates well with the changes in mean mass flow for the inclinations
measured. Eq. [4.18] predicts a change 1 the flow generating forces in the semi active
layer as a function of inclinations between 166 ° and 194 ° of 1% per degree of change
in inclination. The measured response from the feeder in experiments no. 2 and 3 is
0.8% per degree change in incline. ' ' :

The conclusion is that although the force model does not correspond with the
measured mass flow changes as a function of inclination, the theoretical analysis may
still be valid. The results point to the need of further investigations. R

Due to the block effects in the inclined feeder experiments, it is difficult to draw
extensive conclusions from the regressions on the data set consisting of data from all
three experiments merged together. The block effects imply time dependency in the
measured data. This means that merging the data from the three experiments is not
a good move from a seientific viewpoint. Still, since the cutput angle, which is
dependent on the inclination, played a central part in the theoretical approach, the
author decided to merge the data in order to evaluate the mechanistic models. =~

7.4 INFLUENCE OF MEDIAN PARTICLE SIZE

In the literature review by Svensson [1990a], it was concluded that the studded roller
feeder was not a truly active device, This work supports this conclusion but not in the
expected way.

In a feeder that is not truly active, flow dependency due to inclination of feeder and
due to the physical properties of fertilizer can be expected. The connection between
inclination and mass flow is shown in Figs. 6.2 and 6.3. The dependency on physical
properties is a completely different matter. '

The influence of physical properties of fertilizer is very complex since a change in one
property will inevitably mean changes in other properties. This means that it is
difficult to trace effects on mass flow stemming from changes in single properties.
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4,
The results of this work show that the independent variable combination ff'- does not

_have a significant influence on the mean mass flow in the interval tested. Further-
“more, only a marginal influence of changesin angle of repose (and thereby internal
friction) can be observed in the results (Table 6.1, Figs. 6.8 and 6.9).

Although the change in internal friction coefficient can be bigger than the differences
evaluated, the results indicate that the internal friction of the metered material does
not influence the mass flow delivered by the studded rolier feeder in a substantial
way.

According to the hypotheses presented in Chapter 4, a change in internal friction only
affects the flow from the semi active layer. Since the lesser part of the mass flow
seems to stem from the semi active layer and the change in internal friction coeffi-
cient was less than 20%, only marginal effects on the mass flow can be expected.

The conclusion is that the non-active behaviour of the studded roller feeder is pri-
marily due to inclination and the thereby changed influence of gravity in the semi
active layer. Effects of changes in physical properties may of course be obtained if
they are large. For example, if the particle size generally exceeds the outlet height
agailabiéa (= stud height + base flap setting), effects of particle size will definitely be
observed.

1.5 INFLUENCE OF STUD HEIGHT |

The empirical model valid for the horizontal feeder (eq. [6.1]) shows that, of all con-
structive or operational independent variables studied in this work, stud height has
the greatest influence (see Table 6.1). The output from the mechanistic models
supports this impression. I

As can be seen in Figs. 6.10 and 6.11, a change in stud height will change the regponse
of the mass flow on a change in angular velocity of the feeder. Thus a studded roller
. with high studs will be more sensitive to variations in the angular velocity than a
: roller with low studs. On the other hand, an increase in stud height will increase the
spectre of possible application rates as a function of angular velocity of the roiler.

7.6 INFLUENCE OF BASE FLAP SETTING

From both the empirical and the mechanistic models, it is obvious that a change in
base flap setting affects the mass flow as a function of angular velocity to a lesser
degree than a change in stud height (see Table 6.2 and Figs. 6.10-6.13). This supports
the indications that the largest part of the mass flow from the studded roller feeder
stems from the active layer.

1.1 FLOW FROM ACTIVE AND SEMI ACTIVE LAYER

Several results obtained in this work suggest that the flow from the semi active layer
amounts to a lesser part of the total mass flow from the studded roller feeder. This
brings up the question of division of the mass flow between layers.



46

- Since it was impossible {0 measure the mass flow from individual layers with the
equipment used, the flows from the active and semi active layers respectively were
calculated according to the force model and the energy model. In the calculations
based on the force model, the intercept was not included. This because it was not
significant.

mess fiow (gfe) mazs fiow [g/s)
34 a4

30
28
22
18
14
10

10 -10

Figure 7.7. Mean values of calculated mass flows from different layers on a hori-
zontal feeder, The mean values are based on all settings used for a
horizontal feeder. The residual shows the difference between calculated
and meagured total flow. Left: force model. Right: energy model.”

Iy = Intercept o T
0, = flow from active layer

@, = flow from semi active layer

r = residual

In Fig. 7.7, the means of the calculated layer flows for the settings utilized in exp. no.
1 (horizontal feeder) are shown. From the figure it can be seen that the estimated flow
from the active layer is very similar both for the force model and the energy model.
This is in accordance with Table 6.4. This indicates that the intercept for the ehergy
model primarily concerns the flow from the semi active layer.

Fig. 7.7 also indicates that the main part of the flow comes from the active layer;
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. Figure 7.8. Calculated mass flows from different layers on a horizontal feeder.
% Rotational speed: 0.67 rev/s. Height of stud: 8 mm. Base flap setting: 8
- mm. The residual shows the difference between calculated and
measured total flow. Left: force model. Right: energy model.
l; = Intercept
Q. = flow from active layer
Q. = flow from semi active layer
r = residual
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Figure 7.9, Calculated mass flows from different layers on a horizontal feeder.

Rotational speed: 0.67 rev/s. Height of stud: 4 mm. Base flap setting: 8
mm. The residual shows the difference between calculated and
measured-total flow. Left: force model. Right: energy model.

l., = Intercept

Q. = flow from active layer

Q. = flow from semi active layer
r = residual S
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mass How {g/e)

Elmg_l.m, Calculated mass flows from different layers on a horizontal feeder. .
Rotational speed: 0.67 rev/s. Height of stud: 4 mm. Base flap setting: 2
ram. The residual shows the difference between calculated and
measured total flow. Left: force model. Right: energy model.

L = Intercept

Q. = fiow from active layer

0, = flow from semi active layer
r = residual

Figs. 7.8-7.10 show calculated mass flows from different layers for three different
settings of the feeder. The figures indicate that the main part of the mass flow comes
from the active layer (provided that the intercept for the energy model primarily
concerns the semi active flow).

7.8 SUMMARY OF CONCLUSIONS

A summary of the conclusmns arrived at on the basis of the resulis is presented below.
These conclusions are sug};:orted by measured mass flow data and are predicted in the

theory accounted for in Chapter 4 "THEORY AND HYPOTHESES".
1. The flow from the studded roller feeder is mainly dependent on the following
independent variables:
1. important in field use - inclination
2. operational - angular velocity of roller
- 3. constructive - stud height; base flap setting.

The influence on mean mass flow of the independent variable partxcle size, which
affects the internal friction, is less than expected. The variations in mass flow
from the studded roller feeder seem pnman?y due to inclination rather than dif-
ferences in physical properties.

2. The flow equation for the active layer (eq. {4.1]) seems to be a good estimator of
the flow from this fpart of the feeder. The parameter fitted to the active flow is
stable regardless of data or model used.
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3. The flow from the semi active layer can be predicted to a high degree, Reasons for
- the remaining discrepancies between medel output and measured data may lie in
" differences in local densities in the feeder, and in the velocity restriction (w, <w,)

- which was not included in the models (see Chapter 4 for explanation),

4. 'The flow from the feeder will vary as a function of outlet angle. This is predicted
. in the flow hypotheses and corresponds with measured data. This means that the
studded roller féeder will change its mass flow” as a function of inclination of
feeder. Furthermore, the flow h&potheses, the residual analysis and the stability
test imply that this is an effect that occurs in the semi active layer.

5. A change in stud height will affect the mass flow for a given setting of the feeder
. to a higher degree than an equal change in base flap setting will. Furthermore,
- the response of the mass flow to a given change in the feeder’s angular velocity
will change with stud height. This means that the feeder’s sensitivity to changes

in angular velocity increases with increased stud height.

6. A chéngé in base flap setting will only affect the level of the mass flow. The
_response to a change in the angular velocity of the feeder will be constant.

7.9 FUTURE RESEARCH

The interpretation of the results gives rise to suggestions on further experiments.
Since block effects were detected in the inclined feeder experiments, a new experi-
ment where inclination of feeder, changes of stud height, base flap setting and
anfuiar velocity are combined into the same experiment ought to be conducted in
order to validate the influence of inclination in the mechanistic models.

The question whether the influence of inclination contains quadratic terms or not
should be investigated. This may give answer to the question if the mean mass flow
from the semi active layer will parallel the graph generated by the semi active flow
hypothesis (force based, eq. [4.18]) and presented in Fig. 4.7. This can be done by
widening the interval of inclination and increasing the number of points of
measurements in an experiment.

The weak reaction from the force model on changes in inclination is not in full
accozdance neither with eq. [4.18] or with measured data. This ought to be investi-
gated,

Svensson [1990b] shows that the studded roller feeder will have a consistent behav-
iour when workin% under ideal conditions, e.g. when inclination of feeder and physical
properties of fertilizer are constant over time. : :

This work implies that unstable behaviour under non-ideal conditions is primarily

due to properties of the semi active layer. Since only a minor part of the flow seems to

be generated in the semi active layer and this layer is submitted to external

influences to a highei- degree than'the active layer, the semi active layer seems to be
a liability in the feeder. If the semi active layer could be removed, there is a osgibility

};'hl?t the active layer would act as a true volumetric feeder. This could be obtained as
ollows: ‘ R '
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Increase the stud height to 8-10 mm, The objective of increased stud height is to
reduce any effects of changes in particle size. An increase in stud height will also
increase the interval between minimum and maximum flow and thereby the
feeder’s field of application during operation. Still, there are limits to the stud
height. As shown in Figs. 6.10 and 7.11, the sensitivity of the mass flow {o
fluctuations in rotational speed increases with stud height. -

Add stud rows so that studs become dispersed over the complete cross-sectional
part of the roller surface (see Fig. 7.11). The objective of additional stud rows is
to prevent self flow by putting studs in the path of the flow. At the same time, the
number of studs per row can probably be reduced.

Reduce the base flap setting to zero. This way the semi active layer will be
non-existent and the base flap will function as a spring to let foreign objects
Hll{mug}ilﬁ%f base flap may possibly also need reshaping in order to work more
ike a throttle. . _

Svensson [1990a] suggests a cell wheel device as a ril;;lacement for the studded roller

feeder. This idea is mieresting, but the fiow from

e cell wheel will exhibit cyclic

fiuctuations to a higher degree than the studded roller feeder. This means that
change suggested above in the design of the studded roller feeder ought te be
investigated before a cell wheel for fertilizer feeding is developed.

U

Figure 7.11 "Suggested stud configuration on improved studded roiler f’eédér. '

There dre several interesting areas to work in concerning fertilizer spreading

technology from a general point of view and the studded roller feeder in particular.

Future research concerning metering of granular material ought to be directed into
the following areas: |

1.

f‘u‘rther theoretical analysis cdnceming the velocity restriction in the semi active
ayer. ' :
Investigations of the bulk density in confined spaces.

Evaluation of the new studded roller feeder concept presented above.

Evaluation of the cell wheel concept presented by Svensson [1990a].
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5. Research into the relationship between the angle of repose, the internal friction
coefficient and granular material’s resistance to normal forces.

Basic rheological studies are also needed. Detailed flow theory and theory concerning
granular materials of the kind used in agriculture are very sparse, The lack of theory
is probably due to the very complicated material at hand. Granular fertilizer and
seeds are varied in shape, size, durability, etc. The material is also able to change its
physical characteristics within a very short period of time due to moisture uptake,
“dust content build-up, ete. With modern numerical methods there ought to be a way
“to gain more knowledge in this area. L

" There is also a lack of knowledge concerning other parts of fertilizer spreading than
the metering device. - .

Influence of shaking, vibration and slope on the working result when spreading

fertilizer is an area that needs research, Most modern spreaders, regardless of

spreading principle, are satisfactorily precise in in-house tests on horizontal ground.
'For the purpose of repeatability and reproducibility, official tests are conducted in

this way. The result is that the test itself will indirectly support a spreader that is not

suitable for precision work in the field [Moller & Svensson, 1991] by making the test
* 8o simple that there will be no marked differences between different spreading prin-
ciples. The farmer’s choice between two spreaders will thereby be reduced to a ques-
tion (g' price. A simple spreader is always cheaper than a technically advanced
- spreader. : , |

For pneumatic spreaders, the low pass filtering of the mass flow variations in the
- tubular system needs investigation. If the piping evens out the mass flow variations,
this means that pulsation from the feeder will be of reduced importance. Pneumatic
systems that low pass filter the mass flow will enhance the use of active devices that
" can be found in the literature.

Spreader organs on boom spreaders is another area that needs work. A good spreader
organ should be able to spread the material evenly over its working width. If the
organ can be designed in order to minimize the losses of kinetic energy in the
material, the working width of an individual spreader organ can be increased without
increasing the wind drift effects. Increasing particle speed means that the exposure
time to wind can be k?;ﬁt constant at wider working Wigths. The reason for increasing
the working width of the spreader organs is that fewer organs, less piping and fewer
feeders are needed, which will reduce the price of the pneumatic spreader.

Influence of wind drift has been investigated for crop sprayers.' It is reasonable to
» suspect that also fertilizer spreaders suffer from this problem. Investigations are
lacking and basic research is needed. ‘ '
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APPENDIX A: EXPERIMENT PLANS

In this appendix the full plans of all expci‘iiﬁents arelﬁreséhted. All experiment plans have the following
in common: . . L -

1. All experiment plans were fully randomized.
2. All measurements with a given variable setting were repeated twice.

Experiment no. 1: Horizontal feeder

For the horizontal feeder experiment a split split plot plan was used. The plan did not include all possible
variable combinations in order to save fertilizer. The complete plan consisted of 2 blocks, 3 different stud
heights, 2 particle size distribistions of fertilizer, 3 base flap seftings and 3 different rotational speeds.
The experiment plan is presented in table A1 and A2, -

The design of the experiment plan was made in cooperation with the dept, of Statistics, Data Processing
and Agricultural Extension at the Swedish University of Agricultural Sciences.

The randomizing was done in four steps:

Order between the 2 blocks.

Order between height of studs independent of each block.

Order between fertilizer particle size independent of each height of stud and block.

Order between base flap adjustment - rotational speed independent of each fertilizer type, height
. .of stud and block.

el S e

The randomizing was done with the aid of computer,

Table A1, First experiment series, 1st block. Mass flow as a function of stud height, particle size
.. distribution, base flap setting and rotational speed. . o
Block Height Fertilizer o ~ Base flap " Rotational speed
of {smali/large] setting [rpm]
stud ; [mm] . '
[mm]
1 8 Small 4 40
2 60
| 8 20
Large 8 40
4 60
_ 2 20
12 Large 8 20
4 40
2 60
Small 4 20
8 60
2 40
4 Large 8 60
2 40
4 20
Small 2 20
- 4 60
I 40




A2

Table A2, First experiment series, 2nd block. Mass flow as a function of stud height, particle size
distribution, base flap setting and rotational speed.
Block Height Fertilizer Base fiap Rotational speed
of [small/large] sefting [rpm]
stud fmm] . :
[mm]
2 8 ' Smali 4 a0
2 20
8 40
Large 4 20
8 &0
2 40
4 Large 2 60
8 20
4 40
Small 2 40
' 8 60
4 20
12 Smalt 4 40
8 20
2 60
Large 8 40
g 60

20

Experiment no. 2: Inclination and reduction of inlet area

In this experiment, influence on mass flow of 5 different inclinations with and without reduced inlet area
(10%) of mechanism was measured in two blocks, In all measurements the stud height was 4 mm and
the rotational speed was 40 rpm. The base flap setting was 4 mm. Fertilizer from bags ne. 7 and 8 was
used. The complete experiment plan is presented in table A3.

Table A3, 2nd experiment series. Mass flow as a function of incline of feeder and reduction of inlet
area. ‘
Block Angle of Reduced area Block Angle of Reduced area
fno.] hopper {Y/N] [mo.] hopper [Y/N]
[°] {°1
1 -14 Y 2 +7 Y
1 +14 N 2 +14 Y
1 +7 N 2 -7 N
1 0 N 2 -14 N
i +7 Y 2 -14 Y
1 -7 Y 2 0 Y
1 -14 N 2 -7 Y
1 -7 N 2 +14 N
i +14 Y 2 0 N
i 0 Y 2 +7 N

Experiment no. 3: Inclination and reduction of narrowest passage

In this experiment, influence on mass flow of § different inclines with and without reduced minimum
flow area of mechanism was measured. The reduction was 10%. For all experiments the stud height was
4mm, the base flap setting was 4mm and the rotational speed of roller was 40 rpm. Fertilizer from bag
no. 9 was used. The complete experiment plan is presented in table A4,
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Table A4, 3rd experiment series. Mass flow as a function of incline of feeder and reduction of

minimum flow area.

Block Angle of Reduced area Block Angle of Reduced area
{no.) hopper [¥/N] fno.] hopper [Y/N]
(°] (1

1 +14 Y 2 -7 N

1 +14 N 2 -14 Y

1 +7 N 2 -14 N

1 14 Y 2 0 N

1 =7 Y 2 0 Y

1 <7 N 2 +7 N

i -14 N 2 -7 Y

1 0 Y 2 +7 Y

1 +7 Y 2 +14 N

1 0 N 2 +14 Y




APPENDIX B: METHODS AND MATERIALS

MEASURING METHODS AND EQUIPMENT

All data were collected on a specially designed fertilizer feeder rig. The rig consisted of a 14 dm® hopper :
and a studded roller in a housing (see Fig B.1). The roller was powered by a stepping motor. The stepping
motor was controlled by a personal computer in experiment no. 1 and a multifunction generator in exp. nos. *
2 and 3. Attached to the bottom of the feeder housing was a 90 mm long tube with an inside diameter of 54
mm. The purpose of the tube was to prevent the stream of granules from dispersing so much that collection
of the fertilizer became difficult, '

The fertilizer feeder rig was attached to a stand. The rig could be rotated ca 14° transversly to the feeder -
axis in each direction (forwards and backwards; see Fig B.1).

Figure B.1  Mass flow measurement rig (left) and studded roller feeder (right).
1. Hopper ~ v 2. Studded roller | o
3. Feeder housing 4. Plastic tube

The studded roller used was 52.2 mm in diameter and 34.7 mm wide. It had two rows of studs. Stud height
and stud width were variable.

The roller consisted of 6 separate rings. Each ring was 5 mm wide except for the outer rings that were 7 mm
wide. These rings could be with or without studs. Each studded ring had 12 studs. By selecting different
rings it was possible to change stud heights between 4, 8, 12 and 16 mm. Stud width could be chosen in 5
mm steps up to the roller’s full width. The displacement between studded rings was carefully set manually,
The aim was to displace the studded rings half the distance between two studs.

Base flap adjustmcnt was set with the aid of gauges; 2, 4, 6 and 8 mm gauges were available. The gauge
was inserted between the top of the studs and the base flap (see fig B.1) and the adjusting screw was
sufficiently tightened.

Between each change of fertilizer the hopper and the studded roller was thoroughly cleaned with com-
pressed air, This was done in order to prevent any mixing between different types of fertilizer and to reduce
dust content in order to minimize the cohesion.
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The mean mass flow was measured by collecting the metered granules in a vessel for a period of ca 10 sec.
The time was measured with a stop-watch. The collected material was weighed on a Sartorius 2254 scale.

EVALUATION OF EQUIPMENT

The stepping motor

. The BERGER LAHR 568 LH stepping motor required 1000 pulses in order to make one revolution. The
“pulses in the horizontal feeder experiment were generated by a personal computer equipped with a ANA-
© LOG DEVICES RTI-815 multifunction board and by 2a KROHN HITE function generator in- the inclined
. feeder experiments. o '

" The RTI-815 board was reported by the manufacturer to have a time base accuracy of 0.01%.

~ The stepping motor had was reported by the manufacturer to have a maximum positioning error in an
arbitrary step of +/-3°.

The function generator lacked documentation. The desired output frequencies were checked with an AAC-2
data logger.

The data logging of the function generator showed that, independently of frequencies tested, the output
during 10 s varied +/- 1 pulse. There was also an offset in the frequency that was 0.16% at the most.

Total error for the stepping motor performance was estimated to 1% of the rotational speed in combination
with the rti-815 card and 0.2% in combination with the function generator.

The scale

The scale (Sartorius 2254) measured 0-1000 g with a resolution of (.01 g. Since no recent documentation
of service checks could be found, the scale performance was evaluated with taring weights. The result is
presented in Table B.1. It should be noted that the figures presented in the table describe the error of the
scale added together with any reading error.

As can be seen in Table B.1, the largest absolute difference between weight and reading was 0.06 g. The
largest relative difference was 10%. Between 300 and 900 g (weight set no. 2) the actual weight consisted
of several smaller weights added together. The increased difference between weights and readings between
300 - 800 g may be correlated to this weighing procedure. :
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IQLZI?;E.‘L Readings on scale and weight of taring weights.

Weight Weight Reading on Weight Weight Reading on
set {g} scale _ set izl scale
[no.] Ig} [no.} L)

1 002 0.02 2 0.50 049

1 0.05 0.05 2 1.00 1.00

1 - 0.20 0.18 r 2.00 2.00

| 0.50 0.49 2 5.00 500

1 1.00 1.00 2 10.00 9,99

1 200 2.00 2 20,00 19.99

1 5.00 499 2 5000 4998

1 10.00 999 2 100.00 99,98

1 20.00 19.99 2 200.00 200.00

i 50.00 49,98 2 300.00 300.00

1 100.00 099,95 2 40000 400.01

] 150.00 149,97 2 500,00 560.02

2 600.00 600.04

2 700,00 700,05

z . 800,00 800.06

2 .900.00 900.05

2 1000.00 1000.03

Stop-watch measurements

Precision of stop-watch measurements is always very dependent on procedure. In order to minimize timing
errors, each timing session started with a count from five down to zero. At zero, the stop-watch and the
collection of fertilizer in the vessel started simultaneously. When the count reached ten, the vessel was
removed from the feeding unit and timing was stopped. The stop-watch was never observed during timing,
since this might have disturbed the rhythm of the count. ‘ ’

Timing error was estimated to +/-0.1 sec per timing session. Since no session was shorter than 9 seconds
the maximum timing error was estimated to 2.5%.

Total mean mass flow measurement errors

Since granular fertilizer is a very heterogeneous material with continuously varying flow Tates it is
important to have some knowledge of measurement errors,

Estimations of measurement errors during this work have been accounted for above. In the least favourable
case of the measurements made during this work, the combined effects of timing, weighing and rotational
speed errors are presented in Table B2, Influence of speed error has been evaluated to 1% of the measured
flow. As can be derived from the table, the possible error in this case is 3.5%.

Table B.2.  Estimation of measurement errors as a function of speed, timing and weighing errors. .

Speed Time Weight Mass flow [g/s]

{rpm] £)] [zl min measured max
20 10,12 74.50 7.10 7.36 7.63

+/-0.20 +/-0.25 +/-0.06
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One source of error has not been estimated. The stepping motor will induce vibrations in the feeder. These
vibrations will have the same frequency as the pulse train generated to control the speed of the stepping
motor (rps x 1000). It is possible that these vibrations have affected the measured mass flows. The work of
Kohsiek [1970] indicates that vibrations will affect mass flow from openings in hopper bottoms. However,
Kohsiek’s [1970] results have large variations and he never exceeded frequencies over 100 Hz, while the
pulse irain to the stepping motor never was below 300 Hz.

Estimation of any influences of vibrations is vefy difficult. It would demand comparison with a completely
different drive line with well known precision of speed. The heterogeneous characteristics of the metered
material would add to the complexity of this kind of evaluation.

PREPARATION OF FERTILIZER

The fertilizer used was prilled NPK 20-3-5 manufactured by SUPRA, Landskrona, Sweden, The fertilizer
was delivered in small bags (50 kg). _

A representative sample from each bag of NPK 20-3-5 was extracted with the aid of a 16-divider and a
2-divider. The following properties of the fertilizer were analysed:

1.  Particle Size Distribution. A sample of ca 200 g was sieved. The following sieves, specified by DIN
4188, were used: 4.0, 2.8, 2.0, 1.4 and 1.0 mm meshes. The sample was agitated in a Retsch 3D stand
for 10 minutes. Afterwards each fraction was weighed.

2. Mass Flow Properties. A sample of ca 200 g was poured into a funnel described in ISO 3944 1980
(E). The bottom hatch was opened and the time needed to empty the funnel was measured (stop-
watch). The fertilizer was collected in a graduated glass and the volume (ml) and the weight (g) were
determined. The mass flow was calculated in g/s

3. Bulk Density. The fertilizer coilected in the graduated glass in the mass flow measurement was
weighed. The bulk density was calculated in kg/dm®,

4.  Dynamic Angle of Repese. The dynamic angle of repose was measured by gently pouring a sample
of fertilizer (> 1 kg) down a inclined chute into a transparent vessel with 2 bottom area of 142x149
mm. The tip of the chute was held 2-3 cm above the top of the fertilizer cone all the time. The angle
of r&;pose was then measured with a MITUTQYO high precision gange (minimum reading: 5 rmn-
utes

In order 1o quantify the particle size, the dy, value was calcutated for each fraction in each bag. The dsy is a
common measurement in analysis of fertilizer. It is defined as the sieve size through which 50% of the
material will pass. It is calculated as

L {50-C,)
o g 3 7 o e o B1}
?G n Cnﬂ“cn (n+1 n) [ ]
where :
z,=  the sieve size for which the cumulative undersize is equal to or less than 50%

Z.q = the sieve size for which the cumulative undersize is greater than 50%
Co=  the cumulative undersize for sieve n
C.= the comulative undersize for sieve n+1

The cumulative undersize is defined as



n-1 o
C,= 3 x (821
i=0
where
C,= cumulative percentage undersize (by mass) for sieve n .
X, = percentage (by mass) retainéd on sieve n where X, is the receiver and x, is the smallest sieve aperture

The calculation of ds, assumes that there is a linear relationship between the sieves z, and z,,,. In this work
dyp and dg, will alse be used. The reason for this is to describe the particle size distribution in a mathematical
way, independent of type of distribution. d,, and dg, are calculated according to the same principle as dy,

(i-C,)
d; =z, 4 (2, —Z B3]
§ n C".;..]""'Cn (n-!-l n) |
where
z,=  the sieve size for which the cumulative undersize is equal to or less than 1%

7. = the sieve size for which the cumulative undersize is greater than i%

The reader should be aware that when the calculation is made in an interval this close to the ends of the
distribution, the assumption of a linear relationship between sieves may not always be true. Still, itisa
useful way to describe the distribution instead of only the meédian sieve size. The particle size distribution
will be described as e ' '

d %

Sﬁdm
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In order to find the d;, of the 20-3-5 fertilizer one bag was randomly chosen (from now on denoted bag no.
0) and analysed. The ds, was found to be 2.62 mm. The purpose of calculating the ds, from bag no. 0 was
that the fertilizer used in the experiments was to be divided into a fine and a coarse fraction, '
‘The division into a small and a large particle fraction was made by screening. The large fraction consisted
of granules that did not pass through a sieve with 2.64 mum meshes. This sieve was built in the work-shop
at the Department of Agricultural Engineering and consisted of four squares of approximately 30x30 cm.
The sieve was agitated horizontally with the aid of an electrical motor connected to the sieve via a cam-shaft
and linkage. The reason for choosing a metal net with 2.64-mm meshes was that this mesh size was the one
on the market closest to the fertilizer’s dy;-value (2.62 mm)

The small fraction of the fertilizer consisted of granules that passed. through the 2.64 mim meshes but not
through a sieve with 0.9 mm meshes. ‘

Samples from all bags (small and large fractions) were analysed according to points 1-4 above. Samples

were taken from each bag as it was opened during the mass flow experiments, The bags were opened
immediately before use in order to prevent detérioration of the physical properties due to moisture uptake.

PHYSICAL PROPERTIES OF FERTILIZER USED IN EXPERIMENTS

The result of the physical properties analysis is presented in Table B.3, B.4 and B.5. The first bag opened
(bag no. 0) was not used in the mass flow experiments.
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Table B.3, Physical properties of undivided NPK 20-3-5 fertilizer,

Bag no, ds,: Bulk density Mass flow Bynamic angle
[mm} [kg/dum®] [g/sec] of repose
0 2614 1.04 : 123.6 Not measured
7 2608 s 1116 33,00
8 2618 1.08 110.7 33.0°
9 2.6 1.07 1112 33,0°

As can be seen, the bulk density and the mass flow differs between bag no. 0 and bags nos. 7, 8 and 9 in
Table B.3.

The difference in bulk density can be explained by differences in the graduated glasses that were used. Bulk
density for all bags except bag no. 0 was measured using the same graduated glass. When bag no. 0 was
analyzed, a glass with a smaller diameter was used. It was later found that the smaller glass gave different
volumes than the larger (approximately 5%) [Edvard Nilsson, pers. comm.].

The author has no physical explanation of the difference in mass flow between bag no. 0 and bags nos. 7, 8
and 9. One explanation could be that bag no. 0 was analyzed before experiment no. 1 and the rest of the
fertilizer bags after experiment no. 3. There may have been undetected differences in measurement pro-
cedure. T

The difference between bag no. 0 and the‘rcét is of minor importance since bag no. 0 was only used to
establish a ds, in order to make the division of fertilizer into large and small particle fractions as economical
as possible. . . -

Teble B4, Physical properties of the small particle fraction of NPK 20-3-5 fertilizer.

Bag no. : dﬁo:: Bulk density Mass ﬂd& Dypamic angle S
[mm] [kg/dm’] [g/sec) of repose
1 2,34 1.06 124.0 31.0°
2 L L7 1193 T
3 | 107 1200 32.0°
4 2372 ' 107 ' 120.7 3150
5 . 2.3% - . 1.06 121.8 320

6 2.3%] 1.08 1214 31.0°




Iable B.5.  Physical properties of the large particle fraction of NPK 20-3-5 fertilizer.

Bag no. dﬂz Bulk density Miass flow Dynamic angle
[mhem] [kg/dm’} [g/sec] of repose
1 3.33 107 974 35.0°
2 333 1.07 99.9 36.0°
3 33 1.09 990 35.5°
4 | 333 107 - 1009 35.5°
5 :3.33;3 o 1.06 '191.2 - 1
6 3,33 108 . 100.3 35.5°

Mean values and standard deviation for the complete material are presented in Table B.6.

Zable B.6.  Summary of physical properties of NPK 20-3-5 fertilizer. Bag no. 0 is excluded from the

table.
Type of dy Bulk Mass flow Dynamic angle
material {mm] . density [g/sec) of repose
‘ - [kg/dm)
Small X=23 X=1.07 ¥=12120 X=315°
s =0.01 s =1.65 s =0.45°
Large x=33 x =107 x=99.78 x=354°
s "-10.01' 5 =140 5 =0.38°
Undivided x=26 x=108 x=111.17 x =330°
‘ §=001 " s =045 s =0.0%

1) No differences were found. This may be an effect of real differences and measurement errors
negating each other, . _

The particle size distribution from each fraction and bag is presented in Figures B.2, B.3 and B.4.
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Measurement errors

Measurement errors in the results presented above on the physical properties analysis were estimated to be:

1. Timing errors: +-0.1 s.
2. Weighing errors: 0.06 g.

3. Volume reading errors: +f-2.5 ml,
4. Angle measurement errors: +-0.5°.

In the least favourable case of the physical properties measurement presented above, the combined effects
of timing, reading, weighing and angle measurement errors arc presented in Table B.7.

Table B.7, Estimation of measurement errors.

Type of dsp Bulk Mass flow Dyramic angle

material [mmn } densi&g [glsec] of repose
[kg/dm’]

NPK 20-3-5 3.3 1.07 97.4 35.0°

bag no. 1, (large) +/-0.1 +/-0.02 +/-5.9 +/-0.5°

(3.0%) (1.9%) (6.1%) (1.4%)
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1 APPENDIX C: THE INTERNAL FRICTION COEFFICIENT .-

The coefficient of internal friction and the methods to measure it is 2 source of discrepancy in the literature.
Some authors do distinguish between the angle of friction and the angle of repose, others do not. There are
also authors who claims that for certain materials, the angle of internal friction is identical to the angle of
repose. Due to the differences in the literature, it may be in order to review parts of it and discuss the defi-
nifions.

Saxena & Varma [1973] state that the angle of repose (¢, ) is an indirect measure of the internal friction
(1 ) between the granules . . -

b=tan(@,) | . €1

Saxena & Varma [1973] aiso refer to Fowler & Chodziesner [1959], who define the coefficient of internal
friction of dry materials as a function of shape factor, surface roughness, diameter and specific gravity of
the granules respectively, as well as Fowler & Wyatt [1960] who describe the internal friction as a function
of shape factor, moisture content, average particle size and specific gravity of the particles, respectively.

Hentiefsonﬁ&?eny [1981] define tan@i,) as the coefficient of fricﬁdh of the material on itself. They do not
use the term coefficient of internal friction. _ : '

Briibach [1973] and Stephanoff {1969] define the internal friction coefficient as
f | ‘
- o T — C 2
MI N ul l [ , ]

They dlso state that for a cohesionless material, eq. [C1] is valid. Nedderman et al. [1982] state that for-a
cohesionless material the angle of internal friction is closely equal to the angle of repose. Sitkei [1986]
defines the angle of internal friction according to eq. [C2] and says that the angle of internal friction and the
angle of repose are not identical nor independent of each other.

mg cosQ,

Figure C.1. Forces acting upon a particle resting on a slope (Source: Author’s own drawing based on
Huli {1968]).

Hult [1968] shows that for a granule in a pile of cohesionless material (see Fig. C.1)
mg sin¢, = pmg cos ¢, iC3]

tang, = [C4]
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If the granular material has the cohesion ¢, the maximum force of pull before breaking (o, ) and the
maximum force of push before breaking ( oy, ) are

sin | sin
G* ____.____.(’i_’ GB? = Gm ....._..._‘9)_’__
1+sing, 1-~sing,

[C5],

Gy =2

Eq [C5] shows that a cohesionless granular material will inevitably break when exposed to normal stresses.

Any differences in the definitions of angle of internal friction presented above obviously depend on whether
granular fertilizer is cohesionless or not.

In measurements made by Briibach [1973], the angle of repose was 2-5° larger the angle of internal friction
for different granulates containing small (0.05-0.2 mm), medium (0.2-2.0 mm) and large (2.0-5.0 mm)
particles. . -

The results of Britbach [1973] indicates that granular fertilizer is not cohesionless, This ineans that the angle

“of repose is not a true measure of the angle of internal friction for fertilizers. The reader should be aware of
the fact that the result of an internal friction measurement is method dependent and no methed is stan-
dardized for this kind of measurement. This means that whether granular fertilizer can be considered
cohesionless or not from a practical point of view is still an open question. o S

Since the cohesion can be seen as an intercept in a ¢ - -diagramme, there will be a relationship between
the angle of repose and the angle of internal friction. This means that a change in internal friction can be
found by measuring the angle of repose.

In this work the author suggests that a change in the internal friction of the fertilizer will result in a corre-
sponding change of the angle of repose. Hence, any difference between the angle of repose and the angle of
internal friction will be a part of the regression parameters and thereby not affect the validity of the physical
- expressions tested, o o o ' . o .





