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INTRODUCTION

The use of laﬁor saving equipment for bulk handling aad application
of dry granular fertilizer has become increasingly popular in recent years.
Experience chows that ome of the most cconomical and satisfactory methode
of fertilizer application is with the use of centrifugal distribuiors.

The popularity of this equipnent is due to iis desirable characteristics
of design; economy, ease of handling and cleaning, and compactness, In

addition to fertilizer, centrifugal distributors are used to apply sead

and granular agricultural chemicals,

Currently, however, all centrifugal distributors, to a varying degree,
have the disadvantage of uneven transverse distribution. Several studies
such as those by Smith (1), and Hephard and Pascal (2), indicate that this
lack of uaiform distribution can sericusly affect the crop yleld. For
profitable use of this equipment, therefore, a unlform pattern of distri-
buiion is desirable,

Such & patteran of distributilon only can be obtained with equipment
designed on the basis of knowledge of the principlec involved. Patterson
and Reece (3), Cunningham (4), and Bhagawati (5), have developed theore-
tical equations which accurately describe the motion of particles on the
blades of centrifugal distributors. From thess equations acceleration,
velocity, displacement, and angle of departure may be accurately detei=
wined, The solution of these equatlons should, therefore, enable the
designer to arrive an a satisfactory arrangement; thus insuring more uni-

form distribution.



Unfortunately some of the above mentioned equations are non-linear
differential equations which only can be solved with computexs or approxi-
‘mate methods. With the aid of the computer it is possible to obtain a
solution with a great degree of accuracy. In addition, since the results
from the computer solution may be obtained in the form of graphs, they

can be used easily for any further analysis.



REVIEW OF LITERATURE

The earliest construction of centrifugal distributors for bulk
fertilizer and lime dates to nearly 30 years ago. A chain on the wagén—
wheel sprocket was the only source bf power for this simple gravity-fed
spinner., In spite of its crudeness, this machine reduced cost and labor
in spreading lime and fertilizer. the machines built :odéy are more
complex than their forerunners méntioned above; nevertheless, some of
the basic principles of operstion remain the same.

Tests performed in 1960 and 1961 on 67 bulk spreading trucks by the
Virginia Department of Agriculture (6) indicate that the émount of ferti-
lizer collected in five~square-foot areas wiﬁhin a field fréquently differs
by severél hundred per cent from the mean application rate. Many of these
spreaders were equipped with centrifugal distributors. The nonuniform
distribution indicates a nee& for further improvement of the equipment.

Field performance tests were conducted by the Virginia Agricultural
Experiment Station (7) to evaluate the pérformance of Bulk fertilizer
spreader trucks as compared with the conventibnal tractor-draun spreaders.
The results indicate that for the same field speed; the metering of ferti-
lizer by properly designed bulk spreaders is superior to the conventional
t:actor-drawn spreaders which use agitator-type metering devices. The
study shows, however, that variation in truck speea, poor metering of
fertilizer, and extensive variationm of fertilizer physicél properties are
among the factors causiﬁg poor spreading.

Bhagawatl (5), studying the performance of centrifugal seeders at



Ohio State.University, shows thet the influence of friction of seeds on
distributor blades is almost negligible as compared with other distri-
bution factors., He found that the effect of spinner speed was greater on
width of coverage than on the uniformity of distribution. The distributor
height measured from grouné level was found to be eritical. Air resistance
was not studied, ne‘concluded that the most important factor influencing
uniformity is the relative feeding position of the seeds or other particles
upon the rotating distriﬁutor.

Test studies conducted by Smith (1) at the University of Missouri
indicate that nonuniform size, shape, and density 6f fertilizer material
are critical factors in the mixing and spreading of dry-mixed fertilizer.
Segregation of fertilizer particles due to long distances traveled, inade-
quately designed spreaders, and poor adjustment were also listed as prob-
lems,

The British National Institute of Agricultural Engineering (2) con-
ducted a stndy on the performance of fertilizer spreading machines.

Models of transverse distribution histograms were constructed on a special
abacus. By forming different assumed degrees of overlap, they were'able
to visually estimate the variation in application rate. The performance
of the centrifugal distributors was found superior to that of full-width-
hopper machines. It was, however, concluded that the manufacturer should
provide accurate information on the effective swath with different ferti-
lizets and distributor rotational speeds in addition to operational infor-
mation.

Crowther (8) investigated the spreading of granuler fertilizer by a



centrally-fed centrifugal distributor. The fertilizer was collected in
radial troughs ome-foot wlde and having six sectioms, each equally spaced
around the spinner. He councluded that the distribution is concentzic and
that the degree of segregation of the particles could be ignored in the
working of the spinners., Crowther states that & centrally-fed distributor
is not capable of giving even distributiom,

Assuming firstly that there is no interference by the adjacent par-
ticles, agd secondly that the motiom of particles can be studied indivi-
dually, Patterson and Reese (3) made an analysis of the motiom of the
fertilizer particles fed omto the center of a rotating disc. Four radial
blades were mounted on the disc to form a centrifugal distributor., It was
further assumed that the particles were fed onto the distributor without
impact; in other words, no bouncing would occur,

It was shown that the motlon of a single particle depends upon its
shape and the value of the coefficient of friction between the particle
and the blade. The influence of alr resistance was not studled. They
concluded that the final radial velocity of the particle depends om whether
it would slide or roll along the blade. The study showed that im actual
field operation the final speed of the particles leaving the disc was not
uniform; therefore variation wae caused in the final distribution pattern.

Grow (9), at Virginia Polytechnic Institute, conducted a series of
tests on two centrifugal distributors, one with radial blades and the
other with five-degree forward-pitched blades. The purpose of the study
was to determine the proper delivery location of the fertilizer material

and to correlate this variable with other parameters such as departure



angle, speed of rotation, projectile path, and the pattern of distribution.

The most important variable affecting the performance was found to be
the delivery location of fertilizer to the rotating distributor. The prob-
lem of material-to-blade impact was considered serious. Best results were
obtained when the impact was minimized and the material was fed near the
center of the distributor. The values of the ccefficient of fertilizer-on-
blade friction ranged between 0.3 and 0.77 in tests with triple superphos-
phate. Grow coancluded that the ceatrifugal spreaders, if designed properly,
have good potential for umiform distribution,.

In a circular published in September, 1962, by the Agricultural Exten-
sion Service of Virginia Polytechnic Institute, the following four steps
were listed as requisites to accurate spreading:

1, Accurate metering from the truck bed;

2. Proper dellvery of fertilizer to the spinners;

3. Uniform distribution across the swath; and

4, Skilled operators.



OBJECTIVES

The objectives of this investigation were:

1. To solve, by electronic analog compﬁter, equations ﬁhich repre-
sent the motion of graﬁular material on the blades of three
centrifugal distributor configurations. The distingutshing
component shapes identifying the three distributot configura-
tions are (a) forward and backward-pitched, straight blades,
(b) forward and backward-curved ﬁlades and, (c) concave, cone~
shaped, distributor base.

2, To interpret and present the solutions in a form that a designer
can obtain the desired imformation quickly and accurately.

3. To determine experimentally the values of granular-material-on-
blade coefficient of friction for typical fertilizer and blade
materials In order to establish a set of wvalues for all design

parameters.



PROCEDURE

The operating principle of the centrifugal distributor is based on
the ceatrifugal and tangential forces imparted to the particles of the
material to be distributed. Both the terms "cemtrxifugal distributor" and
Yspinner" are used to designate this device. The material is fed onto the
rotating distributor by various devices, such as chutes and feed rings.
These methods are ideally designed to direct the £low of granular material
smoothly onto the blades without appreciable impact and splattering of the
material, In the computer analysis performed in this study, smooth pickup
of granular material is assumed with zero initial velocity of the material
with respect to the blade.

The affect of the centrifugal distributor is to impart velocity to
the granular waterial so that its ballistic properties will be effective
in carrying it through the air and depositing it across a wide band or
swath, To achieve a uniform distribution pattern across this swath it is
necessary that proper magnitude and direction of velocity be imparted to
the material. The computer analysis to be performed is designed to supply
quantitative information on how the three centrifugal distributor confi-
gurations can be used to impart a specified magnitude and direction of

velocity to granular material.

Factors Involved In Study
There #¢re many factors affecting the performance of the centrifugal
distributors. Of prime importance are the following factors considered

in this study:



1. Distributor configurations studied are;
a., radial blades,
b. forward (or backuard) pitched blades,
¢. forward (or backward) curved blades, and
d. cone-~ghaped distributor base.
2. Operational parameters considered include;
a, dilstributor rotational velccity,
b, position of delivery of particles to the distributor blades,
¢, and distributor tlade adjustmeat,
3. Properties of fertilizer and fam-blade material are;
a. coefficient of fertilizer~blade friction, and

b. size of the particles.

Facilities

The follewing egquipment was employed in this work:

1. Aaalog computer of the College of Engineering, Electronic
Associates, Incorporated, Model 16-31R.

2. XY Recorder, Autogzrai Mosley, Model 2DR.

3. Centrifugal distributor apparatus including test stand and
collection box.

4., Equivment and workshop of the Agricultural Enginceriag Depart-

nent.
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Derivatioa of Equations

As wmentioned previously, there are four main distributor or disiri-
butor-blade configurations. E&ince the radial blade (pitch angle ic equal
to zero) is a special case of the straight-pitched blade, its equation of
motion can be obtained easily Ifrowm that of the lateer., Thus, oaly the
equa;iéns for straight-piiched blades, curved blades, and come-shaped
spinners will be derived.

While analytical and approximate solutione in gemeral form (3,4,5)
have bheen obt;ineﬂ for these configurations, long calculations are required
to obtain degign valuzs, It is the purpose of the analysis and derivations
that follow to arrange the problems in proper form for analog computation.

It has been noted by Patterson and Reece (3), Cunningham (4), and
Bhagawati (5) that a particle on a rotating cemtrifugal distributor is
subjected to the following three components of acceleration;

1. acceleration of the particle with respect to the path,

2. centrifugal acceleration, and

3. Coriolis scceleration which is twice the vector cross products

of the angular velocity of the blade, and the particle velocity
with respect to the blade.

Knowing the above components of acceleration, the reverse effective
forces due to each component can be deteérmined. In addition, the normal
forces of gravity, due to the particle’s mass, and friction should also
be studied.

Figures 1, 2, and 3 show the particle force diagram and the top view
of the straight-forward-pitched blades, forward-curved blades, and the

cone-shaped spinners respectively.
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fccording to D'Alesbert's principle, the gum of the forces in the
direction of the blades in Figures 1, 2, and 3 must equal zero,

The differentizl equations of motiom with respect to the blade can
now be determined. These equations are derived on the assumption that

the particles will remain in contact with the blade along its length.

Symbols and Units Used in Deriving the Spinner Equatioms
P = digplacement of the particle along the blade, feet
R = radial coordinate on distributor, feet
r = radius at which fertilizer 1s delivered to the blade, feet
t = time, seconds
v = dP/dt = particle velocity with respect to blade, fps
a = particle acceleration with respect to blade, fps
w = distributor angular speed, radians per second
@ = wt o distributor angular displacement, radians
¢ = angle of blade with respect to distributor radius, degrees
B = angle of departure of granular particle with respect to tangent
to the distributor, degrees
® = angle of blade with respect to distributor radius at r, degrees
P = blade's radius of curvature, feet
a = gpinner cone angle, deprees
M = fertilizer particle mass, slugs
W = fertilizer particle weight, lbs
g = acceleration of gravity, fps2

u = coefficlent of fertilizer-blade friction



a = Mw2_RSinf

b =MW2 R

¢ =Mw2 RCosf

d = Mwv

F=u(W + Mwv +Mw2R Sinf)

Top View of Forward-Pitched-Bladed
Spinner Including Particle Force Diagram

Figure 1
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Top View of the Forward-Curved-Bladed
Spinner Including Particle Force Diagram

 Figure 2
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Figure 3
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Forward-Pitched Blades

The derivation of the equation of motion follows by summing the
forces in the directiou of the blade in Figurxe 1.

Ma + u(W + 2Mwv + MWR Sing) = MwZR Cos§ Eq. 1.1
where

u(W + 2Uwv + MwlR Sing) = u(normal forces)
Using the geometrical relatiouships

R = r Sind/Sind
and

Cot@ = (P 4+ r Cosd)/(r Sind)
in Eq. 1.1 and simplifying, the following equation is obtained:

d2p/dt? + 2uw dp/dt - w2P = w2r Cosd =~ ruw Sing - ug Eq. 1.2
Eq. 1.2 is the differential equation of particle motion along the blade
in terms of the known parameters w, r,5 , and u. The analytical solution
of this equation has been found previously (4), and is:

P = (Ar - ug/wz)[gc + u)e(c"“)g + (C - n)e"(c +u)e | 2%]/26
where

A=Cogd =-u Sin&

c =\/u2 +1

The resultent absolute velocity, Vy, of the particle as it leaves
the spinner is the vectcr sum of the two components of velocity; namely,
the tangential velécity, Rw, and the velocity with respect to the blade,
Vps as shown in Figure 4.
Therefore:

Vr = \/(dP/dt Qos¢)2 + [(dP/dt) Sing + Rw]z Eq. 1.3

Eq. 1.3 can be simplified to a more convenient form invelving 5§ and r as
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Forward-Pitched-Bladed Spinner

Figure 4
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follows:

Vy = \/(dP/dt:)z + 2rw(dP/de) Sind + (Rw)? Eq. 1.4

If the blades are backward-pitched, changing the sign of the term
redu Sind will give the approximate equation of motion for this case as
shown below:

a2p/at? + 2uw dP/dt -w2F = rw? Cosd + rwlu Sind - ug Eq. 1.5
The errcor in this representation of motion occurs when the material first
contacts the blade., After initial contact, centrifugal acceleration occur=-
ring radially, causes momentary less of contact with the blade. After
coantact has been reestablished and 2uw dP/dt > rwly Sind , the error
vanishes,

The resultant veloecity is

v, = \/(dP/dt)z - 2ru(de/dt) Sind + (Rw)? Eq. 1.6
The tangent of the departure engle, B, is given below where the 4 sign
applies to forward-pitched blades and the -~ sign applies to backward-
pitched blades.

Tan B = (dP/dt Cos@)/ [(Rw) T (dP/dt) Sinﬁj Eqg. 1.7

Forward-~Curved Bladesg

The shape of the curved blade investigated is a logarithmic spizral.
This curve has the unique characteristic of intersecting all radial lines
passing through it at a constant angle, here referred to as ¢. Summing
the forces in the direction tangent to the blade in Figure 2 results in
the following egquation:

Ma + u(W + M2/ f + 2Mwv + Mw2R Sind) = Y R Cosp £q. 2.1

In comparison with the equation for straight-forward-pitched blades,



18

the term Mv2/P is the only addition to this equation., Thic term can be
converted to @ simpler sre invloving R and Sind by using the standard for-
mula for radius of curveture s fcllows:

p= (2 + 31 /(R2 4 2%2 - 7R)

Since the shape of the blade is a logarithmic spiral,

then,
R = re® Coté
R = R Cot @
R = R Cot?g
where,
R = radial coordinate,
9 = coordinate angle,
@ = spiral angle.
Therefore:
Mv2/f = (Mv? Sind)/R
and

d%p/dt? + 2uw dP/dt + u Sing (dP/dt)2/R - Rw2(Cos# - u Sinf) = -ug
BEq. 2.2
Since the formula for the blade length is
dp =\/ &% + B? ag
vhere R = dr/de, then.P = (R -~ r) Secﬁ and dP/dc = Sec@ dR/dt. Using the
above relationship between P and R, Eq. 2.2 becomes:
d2R/dt2 + 2uw dR/dt + u Tand (dR/4t)2/R - Rw2[Cos?d - (1/2)u Sin2g]

= -ug Cosd Eq. 2.3

£q. 2.3 18 non-linear, An approximate solution has been obtained (4), but

an exact solution cannot be obtained by conventicnal amalytical procedures.
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B = Departure Angle
# = Angle of Blade With Respect
To Spinner Radius
Vp = Velocity With Respect To Blade
Vy = Resultant Velocity
Vt = Tangential Velocity

Components of Resultant Velocity, Forward-Curved-Bladed Spinner

Figure 5



“he resultent velocity of the particle as it leaves the distributor,
ghown in Pigure 5, is

Vp = \/(e,a/.gt)z + [tarser) Tend + re]? Eq. 2.4

end the depariure angle cau be found from the followlng equation:

B = Arctan(dR/dt)/[?w 4+ (dR/di) Tan@ Eq. 2.5

In the case of backward-curved blades the approximate differential
equation of motionlis:

a?R/dt? + 2uv dR/dt + u TanP(dR/dt)2/R - Rw? [c::sza + (1/2)u Sin2¢:|

= ~ug Cos Eq. 2.6

As with the backward-pitched blades, centrifugal acceleration inftially
causes 10ss of contact with the blades., The error vaeishes whea 2uw dR/4dt>
(1/2)u Sin23,

The esquations for resultant veloecity and {ts departure angle are given

below:
v, =\/(dR/dt)2 + (Rv - Tanf dr/dt)2 Eq. 2.7
g = Arctan(dR/dt)/(Rw - Tan# dR/dt) Eq. 2.8

Cone-Shaped Spinner

With this type of spimmer the particle is given a slight vertical
component of velocity due to the shape of the distributor base or disc.
HWider width-offspread may be pessible with this design.

The differential equation 1s cbtained by summing the forces in the
direction of the blade in Figure 3.

Ma + W Sind + u(W Cosa + 2Mwv Cosd + Mw2R Sinq) = Mw’R Cosa. Eq. 3.1
Using the geometrical relaticaship, R = P Cosd, the new form of Eq. 3.1

becones:
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dZR/dt2 + 2uw Cosa(dR/dt) + szlzw/Z) Sin2a - Coszéla -ug Cos%x
-(1/2)g Sin2a Eq. 3.2
The analytical solution of Eq. 3.2 for zero initial velocity has been
obtained by Cunningham (4): ,
R - Hg/Gw? = (r - Hg/Gw?) [(R + uyel(K = )8 4 (k . y)e~L(K + w)d)2x
where G = Cosqo ~ u Sing
H= Sina + u Cosx
ENEECA
L = Cosa
The horizontal componeat of the resultant velocity, V,, horizontal
‘departure angle B, and the angle 7 cé&n now be obtained from Figure 6. The
angle y is the angle that the resultant velocity makes with the horizontal

plane and is calied the vertical departure anrgle.

Therefore:
Vr = \ﬁdx/dt)z + (Rw)? Eq. 3.3
B = Arctan (dR/dt)/(Rw) Eq. 3.4

y = Arctan (dR/dt) Tano/Vy Eq. 3.5
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Horizontal Departure Angle
Vertical Departure Angle

Cone Angle

Vp = Velocity With Respect to Blade
V_ = Component of Resultant Velocity
In The Horizontal Plane
Tangential Velocity

Radial Velocity

o

R =
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Figurc 6 Components of Resultant Velocity
for Cone-Shaped Spinner

Figurce 6
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Dimensional Analysis

Equations 1.2, 2.3, and 3.2 as they are given could be programmed
for solution by the analog computer, However, since each of the para-
meters in the above equations has a range of values, and each individual
vélue must be varied while the others are held constant, programming of
the atove equations would impose much difficulty.

In order to overcome this obstacle, dimensional analysis was employed.
With dimensional analysis the above parameters are grouped into a set of
dimensionless and independent guantities called pi terms (10)., In this
way the number of parameters is reduced considerably.

To employ dimensional analysis the total acceleration is assumed to
be @ funciion of the following paremeters:

a=zc PCl, rCZ’ rE3, tcz&, vrCS’ w06, Mc7’_ g08
where ¢ is a dimensionless function, and Cl, C2, ...C8 are the appropriate
exponents of the parameters previously defined. All the above parameters
are expressible in terms of one or more of the following basic dimensious:
time = T, length = L, and force = F,

Arranging the C exponents in terms of their basic dimensions we have:

L: 1=Cl+C2+C3+C5~-C7 +C8,

T: -2 = C4 - C5 - C6 + 207 -2C8,

F: 0=2C7.
Simultaneous solution of the above equations gives:

C2=1-Cl -C3 -~C5 - (8,

C6 = C4 - C5 -~ 2C8 + 2.

Therefore:

a = ¢ pCly(1-C1-C3-C5~C8) zC3 C4 Vrcs (C4-C5-2C8+2) C8
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Alter vcarranging the terms of equal expunent and simplifying, the fol-
iowing equation is obiained:

a/rw2 = £(P/x, X/z, V/ew, ug/rwz, wi) Eq. 4.1
laspection of the individual pi terms in the above cquaticn indicaies that
they are voth dimensicnless and independéni of other pi terms.

The difiervential equaiion of motlon for the forward-pitched blades,
Eq. 1.2, was shown to be:

dz?/dt2 + 2uw dP/dE - w2P = wlr Cosd - uwir Sind - ug
Since wt = & is the angular dispiacement of the disc through the period of
time which a particle passes along the blade, the tevms dzP/dt2 and 2uw
dP/dt can be written as w2 d2P/d92 and 2uw? d?/d6 respectively. Substi-
tuting the above two terms in Bqg. 1.2 and dividing both sides by rv? we
have the following:

d2(2/r)/de? + 2u d(®/r)/dS - (P/r) = Coss =~ u 5ind - ug/rw?

Eq. 1.9
where r is a parameter previcualy defined.

As can be seen by inspectiomr, the terms of Eq. 1.9 are dimensionless
and in accordance with Eq. 4.1. The advantage of Zg. 1.9 over Eq. 1.2 is
that the three parameters u, r, and w are grouped together in the form of
the dimensionless ternm ug/rwz. Also, the main variable of Eq. 1.9, P/r,
is dimensionlese and therefore easier to handle,

Likewise, the equations of motion for the forward-curved blade and
cone-shaped spinmner, Eqs. 2.3 and 3.2, can be made dimensionless and are
given by Egs. 2.6 and 3.6 respectively,

dz(er)/dG2 = «2u d(R/r)/d® - u Tan¢[d(R/r)/d§2/(R/r) + [Cos2¢ - (1/2)

a SinZ@] (R/r) -(ug/rwz) Cos@ Eq. 2.6
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and

d?'(‘R/r)/dQ2 = -2u Cosa d(R/r)/de - [(1/2)u 8in2d - CoszO(] (R/z) -

(g/2rw2) Sin20 - (ug/rw?) Cos?x

Eq.

3.6

The dimensionless forms of the equations for resultant velocity and

departure angle are given by the following equations:

v, = \/@(P/r)/da:l 2 4 25100 a(/r)/d8 + (R/r)?

TanB = [d(P/r)/dOJ Cosﬂ/[ﬂ/r + Sing d(‘P/r)/d9:|

for the forward-pitched blades,

Ve =\ml(2/r)/d0]2 + [Tand d(R/r)/d9 + R/r]2
B = Arctan[d(R/r)/d0]/[B/r + Tand d(R/r)/d8)

for the forward-curved blades, and

Ve = \/E(R/r)/dg] 2 4 (r/r)2
B = Arctan [d(R/r)/dO] /(R/z)
7 = Arctan [‘I‘anq d{R/x) /de] /Vr

for the cone-shaped spinmer.

Eq.

Eq.
Eq.

Eq.

1.10

. 111

2.7

2.8

3.7
3.8
3.9
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Computer Programming

Time Scaling

In actual operation of the centrifugal distributors the time required
between pickup and departure of material from the blades is only a fraction
of a second. Therefdre, in oxder to accurately record the computer solu-
tion with an X-Y plo;ter, the speed of operation of the computer mugt be
reduced, This is referred to as ‘'time scaling." Since the equations to
be solved are in terms of the angle @ which is a functlon of time, a value
of 9 = 180 6/20 was used to reduce the speed of operation. 9 is the com-
puter time in seconds. In this way one second of computer time will repre-
sent 20 degrees of the distributor rotation, 8. By using a recorder sweep
rate of one inch per second, one inch on the X-axis will represent 20
degrees.

Magritude Scaling

In order not to exceed the t 100 volt limits imposed by the EAI 16-
31R analog computer, the equations to be solved must be properly scaled.
This requires a knowledge of the maximum values of the variables in the
equations, Assuming that the radius in most spinners will mot exceed one
foot, and that the minimum feeding radius is 0.1 feet, the maximum value of
R/r would equal 10,

R/r J = 10
max.

In the case of radial blades, and neglecting any friction,
R/xr ~ Cosh®
therefore:

d(R/r) /dQJ = 10
Max. at R/r = 10
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dz(R/r)/dezJ = 10
max., at R/r = 19

and

OJ = 3 radians = 172 degrees
max, at R/r = 18

Since T = 180 6/20 = 2,8648 @ was the time scale sclected, the con-
version from the actual spinner time to that of computer time is found
from the following relationships:

d(R/r)/d9 = 2.8648 d(R/r)/dT

a2(z/r) /d92 = (2.8648)2 d%(R/r)/do?

Therefore, the maximum values of d(R/r)/d7 and d2(R/r)/d72 are

d(R/r)/dﬂj = 10/2.8648 = 3.5
max .,

and

dz(R/r)/dTﬁ = 10/(2.8648)2 = 1.22
ma:{ .

The magnitude scale factors can now be determined:

Scale factor for (R/r) = 100/10 = 10 volts/ft,

Scale factor for d(R/r)/d7 = 100/3.5 = 30 volts/fps,

Scale factor for d2(R/r)/d7% = 100/1.22 = 80 volts/fpsZ.
Likewise,

Scale factor for (P/r) = 10 volts/ft,

Scale factor for d(P/r)/d7 = 30 volts/fps,

Scale factor for d2(P/r)/d72= 80 volts/fpsz.

The completed scaled equations for the three distributor configura-
tions, Eqs. 1.9, 2.6, and 3.6, are given below:
Forward=-Pitched Blades;

(8.207/80) [ 80 d2(2/x) /72| = -2u(2.8648/30) [30 d(2/r)/d7] + (1/10)
(10P/r) + (Cosd - u Sind - ug/rwz)
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or in the form for analog computer programming:

80 a2(p/r) /472 = -1.862u(30 a(R/r)/d7]+ 0.9747(10 B/x) + 9.747

(Cosd - u Sind - ug/rwl) Eq. 1.12

Forward~Curved Blades;

80 a2(R/r) /472 = -1.862u [30a(R/r)/a7] - 0.899u Tan$[30 d(r/r)/a7]¥

(10/R/z) + 0,9747 [Cos2¢ - (1/2)u Sinzé](loa/r) - 9,747 (ug/rw?) Cosh

Egq. 2.9

Cone-8haped Spinner;

80 a2(R/r) /72 = -1.862u [Cosx 30d(R/r)/dT] - 0.9747 [(1/2)ustaz

- cOs2a] (10R/r) - 9.747(ug/rw?) | Coslo + (1/2u) sin2a(] 2q. 3.10

Potentiometer Settings

Since the term ug/rw2 appears in all three of the above equations,

a nomograph wes coastructed which gives the values of ug/rw2 quite readily.
This nomograph is shown in Figure 7. With the ald of a straight edge and
the key given i{in the nomograph, any value of ug/rwz can be obtained for
the given range of its parameters,

Since it is believed that the information obtained from this study
is of value to designers, the largest practical range of each parameters
is used. Table 1 gives the values of the parameters that were used in
this analysis; Also given in Table 1 are the calculated maximum, minimum,
and midpoint values of ug/rwZ.

Using the equation for the spinner with straight-~forward-pitched
blades, Eq. 1.12, as an example, its two parametric coefficients are
1.862 u and 9.747 (Cosd - u Sind = ug/rv?).

As shown in Table 1, the parameters u,d , and ug/rw? were each given

three values. Therefore, 27 ccmbinations of these parameters are possible.
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These valuves which are the settings of the potentiometers, are given in
Table 2. The potentiometer settings (the coefficients of the differential
equations of motion) for the forward-curved blades and the come-shaped

distributer are given in Tables 3 and 4 respectively.

Table 1 - Values of Parameters Programmed

Distributor Blade Spiral Particle-Blade

Blade Pitch Cone Angle Angle Coefficient of
5 x 0 Friction vg fru?
Degrees Degrees Degrees u
0 10 10 0.2 0.002
30 15 20 0.5 0.126

60 20 30 0.8 0.250
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Table 2 - Potentiometer Settings For Spinner With Straight-Pitched Blades

ug/rwe u Pot, No, 1 Pot, No, 3 Pot, No.3
Backward

0.002 0 0.2 0.13%6 0.0000 -

0.126 0 0.2 0.1396 0.0046

0.250 0 0.2 0.1396 0.0091 -

0.126 0 005 003491 000046 -

0.250 6 0.5 0.3491 0.0091

0.002 0 0.8 0.558¢4 0.0000

0.126 0 0.8 0.5584 0.0046

0.250 0 0.8 0.5584 0.0991

0.002 30 0.2 0.13%6 0.0278 0.0352

0.126 30 0.2 0.1396 0.0234 0.0307

0.250 30 0.2 0.1396 0.0188 0.0261

0.002 30 0.5 0.3491 0.0224 0.0407

0.126 30 0.5 0.3491 0.0179 0.0361

0.250 30 0.5 0.3491 0.0134 0.0316

0.002 30 0.8 6.558%4 0.9169 0.0462

0.126 30 0.8 0.5584 0.0124 0.0417

0.250 30 0.8 0.5584 0.0075 0.0371

0.002 60 0.2 0.1396 0.0118 0.0245

0.126 60 0.2 0.1396 0.0073 0.02900

0.250 60 0.2 0.13%6 0.0028 0.0154

0.002 &0 0.5 0.3491 0.0024 0.0340

0.126 60 0.5 0.3491 0.0021 0.0295

0.250 60 0.5 0.3491 -0,0067 0.0249

0.002 60 0.8 0.5584 -0.0071 0.0435

0.126 60 0.8 0.5584 -0.0116 0.0390

0.250 60 0.8 0.5584 -0.0161 0.0344
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Table 3 =~ Potentiometer Settings For Spinner With Curved Blades
ug/rw: @ u Pot. Pot, Pot. Pot. Pot.
No. 1 No. 2 Ne. 3 No. 4 No. 3
Backward
0.002 10 0.2 0.0000 0.0117 0.3419 0.1396 0.3670
0.126 10 0.2 0.0045 0.0117 0.3419 0.1396 0.3670
0.250 10 0.2 0.0090 0.0117 0.3419 0.1396 0.3670
0.002 10 0.5 0.0000 0.0294 0.3221 0.3491 0.3858
0.126 10 0.5 0.0045 0.0294 0.3221 0.3491 0.3858
0.250 10 0.5 0.009%0 0.0294 0.3221 0.3491 0.3858
0.002 10 0.8 0.0000 0.0470 0.3045 0.5584 0.4042
0.126 10 0.8 0.0045 0.0470 0.3045 0.5584 0.4042
0.250 10 0.8 0.0090 0.0470 0.3045 0.5584 0.4042
0.002 20 0.2 0.0000 0.0243 0.2993 0.13%6 0.3462
0.126 20 0.2 0.0043 0.0243 0.2%93 0.1396 0.3462
0.250 20 0.2 0.0086 0.0243 0.2993 0.1396 0.3462
0.002 20 0.5 0.0000 0.0606 0.2640 0.3491 0.3814
0.126 20 0.5 0.0043 0.0606 0.2640 0.3491 0.3814
0.250 29 0.5 0.0086 0.0606 0.2640 0.3491 0.3814
0.002 20 0.8 0.0000 0.0971 0.2287 0.5584 0.4166
0.126 20 0.8 0.0043 0.0971 0.2287 0.5584 0.4166
9.250 20 0.8 0.0086 0.0971 0.2287 0.5584 0.4166
0.002 30 0.2 0.0000 0.0385 0.2424 0.1396 0.3057
0.126 30 0.2 0.0040 0.0385 0.242¢4 0.139%6 0.3057
0.250 30 0.2 0.0079 0.0385 0.2424 0.1396 0.3057
0.002 39 0.5 0.0000 0.0962 0.1949 0.3491 0.3532
0.126 30 0.5 0.0040 0.0962 0.1949 0.3491 0.3532
0.250 30 0.5 0.0079 0.0962 0.1949 0.3491 0.3532
0.002 30 0.8 0.0000 0.1540 0.1475 0.5584 0.4007
0.126 30 0.8 0.0040 0.1540 0.1475 0.5584 0.4007
0.250 30 0.8 0.0079 0.1540 0.1475 0.5584 0.4007
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Table 4 - Potentilometer Settings for Cone-Shaped Spinner

ug/ew Q u Pot. No. 1 Pot. No. 2 Pot. No, 3
0.002 10 0.2 0.1375 10,3419 0.0000
0.250 10 0.2 0.1375 0.3419 0.0166
0.002 10 0.5 0.3438 0.3232 0.0000
0.125 0 0.5 0.3438 0.3232 0.0060
0.250 10 0.5 0.3438 0.3232 0.0119
0,002 10 0.8 0.5501 0.3045 0.0000
0,126 10 0.8 9.5501 0.3045 0.0054
0.250 10 0.8 0,5501 10,3045 0.0108
0.002 15 0.2 0.1348 0.3227 0.0000
6.126 15 0.2 0.1349 0.3227 0.0101
0,250 15 0.2 0.1349 0.3227 0.0201
0.002 = 15 0.5 0.3372 0.2953 0.0001
0.126 15 0,5 0.3372 0.2953 0,0067
0.250 15 0.5 0.3372 0,2953 00,0133
0,002 15 0.8 0.5396 0.2679 0.0009
0.126 15 0.8 0.5396 0.2679 0.0058 -
0.250 15 0.8 0.5396 10,2679 9.0115
0.002 20 0.2 ©0,1312 0.2992 0.0000
0.126 20 0.2 0.1312 0.2992 0.0115
0.250 20 0.2 0.1312 0,2992 0.0227
0.002 20 0.5 0.3280 0.2640 0.0000
0.126 20 90,5 0.3280 0.2640 0.0070
0.250 20 0.5 0.3280 0.2640 0.0139
0,002 20 0.8 0.5246 0.2286 0.0000
0.126 20 0.8 0.5246 0.2286 0.0059
0.250 20 0.8 0.5246 0.2286 0.0117
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Computer Circuit Diagrams

The analog computer used in this study was the PACE 16-31R made by
Electronic Associates, Incorporated, West Long Branch, New Jersey. The
circuit diagram for the radial blade distributor is shown in Figure 8; for
forward-pitched blades, Figure 9; for forward-curved blades, Figure 10; and
for the cone-shaped distributor, Figure 11,

It was hoped that the resolver available in the computer would be used
to transform the two rectsangular components of the resultant velocity into
their polar coordinates, thereby giving the resultant velocity and its
angle of departure. Hoﬁevet, with the pitched=-straight blades, due to the
non-linear equipment used in the open loop circuit of the problem, and lack
of an initial condition on one component, considerable difficulty was ex-
perienced.

To overcome this difficulty, a square root circult and a division
circuit were employed to provide the resultant velocity and TanB . Here
again, due to the difficulties mentioned above, the performance of the
division circuit was unsatisfactory. Consequently, as can be seen from
the graphs for forward and backward-pitched blades, instead of the tangent
of B, its X and Y componeats are given. To obtain TanB at any point, the
value of Y read from the graph musi be divided by its corresponding value
of X.

Also with the forward-pitched blades, as the angled increases, the
values of P/r and V/rw decrease. As the coefficient of friction is
increased, a point is reached (0 = 60 degrees, u = 0,5, and ug/rw2 = 0,25)

at which the material tends to leave the feed ring in a direction opposite
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to that of the blades. This is shown by the negative values of the term
9.747(Cosd - u Bind - ug/rwz) in Table 2, These values were not programmed

because such a design was not considered to be practical.

Experimental Determination of the Coefficient of Friction

As seen from the results of the computer analysis, the coefficient of
particle-blade frictionr haes a significant influence upon the performance of
the centrifugal distributors. It was, therefore, comsidered imperative to
have an accurate knowledge of its values. If the angular displacement, 9,
of the spimmer between pickup and departure of fertillzer could be deter=
mined experimentally, the values of u could be found by referring to the
graphs obtained frem the computer.

An experiment was conducted to determine the values of the coefficient
of friction as accurately as possible. The fertilizer used in this experi-
ment was granular 467 Triple Superphosphate. The phosphate particles were
irreguler in shape and their bulk demsity obtained by the loose fill technique
was 58.28 pounds per cubic foot. The distribution of particle sizes is showa

in Table 5. This experiment is explained below.

Table 5 - Density and Sieve Analysis

of Granular 46% Triple Superphosphate

Density Sieve Analysis, Per Cent Retained om U. S. Sieve
1b/ft3 8 12 16 20 Pan

58.25 5.00 33.25 47.75 11.25 2.75
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Testing Procedure

The apparatus for determining the values of the coefficient of
friction consisted of the following:

1. Flat distributor base or disc., Steel blades, semicircular in
cross section. The center feed ring was stationary with a one~-
inch by one and five-eighths-inch wide opening instead of the
standard 85 degree opening shown in Figure 14.

2. TFertilizer hopper with an electrical, motor-driven agitator.

3. Three phase, one-horsepower motor driving the distributor.

4, Test stand and the collection box.

Figure 12 shows the distributor and the collection box. 8ix steel
blades were bolted to the distributor so that the blades were pitched
forward with the angle & = 30 degrees.

The collection box was designed by Grow (2). A top view is shown
in Figure 13. Tﬁe box is a light-weight container with eight aluminum
vanes which are free to rotate on their pivot pins through an angle of
nearly 31 degrees. Pins are located on 23 degree intervals,

The vanes divide the collection box into nine sections. The box
relative to the spinner was located in such a way that the largest per=-
centage of the total amount of fertilizer distributed was collected in
the middle sections and the smallest percentage ot the end sections.
This arrangement is shown ia Figure 14,

The angle 9y was found by locating :he point at which the mass
center of the material left the disc. However, to determine the actual

amount of distributor rotation, two values must be subtracted from this
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angle. These two are the angle of inclination of the blades,n, and the
angle 9' due to the small gap existing between the actuval departure from
the dise and the pickup at the collection box.

Hence,

8 =8y - (1+9"),
where

0 = the actual angular rotation of the spinner,

6y = measured amgular lccation of mass center of fertilizer deposited
in collection box,

N = the angle between the radius to the pickup point of the blade,
r, and the radius to the tip of the blade, R,

8' = the angle between the radius at the point of departure from the
blade tip and the radius to the collection box where the ferti-
lizer 1is deposited.

The formula for determining the angle 8' is given by CGrow (9) as

follows:

TanB, = Tand'/2 + a/R §ind’,

Pp is the observed angle of departure of the material as determined from
the alignment of the vanes, and 3 is the distance between the blade tips
and the collection box.

Table 6 gives the values of 8', Oy, B, and the corrected angle of
rotation, 8. The values of 8y are based on the data given in the polar
diagram of Figure 15. Rnowing 9, the values of the coefficient of fric-
tion can now be determined., Since the values of P = 6.75 ioches, r =
3.2 inches, and w = 510 rpm are known from the experiment, assuming a

value of u = 0.5, then ug/rw2 = 0,021, By referring to the graphs of the
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Figure 12 Distributor and Collection Box
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forward-pitched blades obtained from the computer (for u = 0.5 and d = 30

degrees), a curve was interpolated for ug/ru2 a 0,021,

Table 6 - Spinner Angular Displacement

Test No. By Q' On ) u
Average
1 28 4 173.2 169.2 0.54
2 30 6 175;5 169.5 0.54
3 30 6 179.4 173.4 0.55
4 32 8 180.5 172.5 0.55
5 30 6 181.5 175.5 0.56

The value of P/r = 2.11 is known from the experiment and the corres-
ponding value of the angular displacement, 9, was obtained from the graph
for ug/tw2 a 0,021, A trial and error procedure was continued until a
value of u was found which resulted in agreement of the experimental and
computer values of distributor rotatior, 8. The values of u for the five
tests are given in Table 6,

A simple test was conducted to check the values of u obtained pre-
viougly. In this experiment one of the disc blades was bolted to 2 T-
bevel which was fastened into & vice. A group of fertilizer particles,
stuck to a small piece of adhesive tape to prevent rolling, was then
located on the blade. The angle of the blade formed with the horizontal

portion of the T-bevel was then gradually increased until a slight tap-
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ping caused the tape and the particles to slide along the blade. This
angle was then measured with a protractor. The tangent of this angle
is the coefficient of frictiom.

It is interesting to note at this point that when the blade used
in this experiment was covered with fertilizer dust, which is the usual
case after a few runs, the value of u is much greater than if the blades
had been cleaned prior to testing. When the blade was removed from the
disc and used without cleaning u = 0.6 to 0.65; whereas, when the blade was
clean u = 0.4. The values of u determined by this method are in close
agreecment with those determined with the rotating distributor and collec-

tion box.
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RESULTE

The results of computer analysis for the three distributor confi-
gurations are given in the Appendices, Figures 16 through 106, The
curves in the figures were drawn directly by the X-¥ recorder which
was connected to the computer.

It was shown in the section of the potentiometer settings that for
each of the three problems 27 combinations of the parameters are possible.
Therefore, 27 recordings of displacement, resultant velocity, and its
angle of departure are given in the appendices.,

The results are in dimensionless form., Displacements, P and R,are
represented by their dimensionless equivalents, P/r and R/r; and velocity,
V, is represented by its dimensionless equivalent, V/rw. The graphs are
suited to any problem of design cnalysis, since 2 comparison of the
effects of each parameter can easily be obtained,

rThe fact that the parameters involved were made dimencionless will
further enhance the uvtility of these graphs. For example, any combina-
tion of u, g, v, and w which will resgult ia thé same value of ug/rw2 as
the one desired, can be used in the analysis. For this reason, limits
imposed on the range of the above parameters are broad,

As was shown in the derivation of equations for the curved-blade
spinner, the term MvZ Sin@/R is the only addition to the equation for
the spinrer with straight-pitched blades. A compariscn of the graphs
(Mv2 Sin@/R included) with the solutions obtained anmalytically (MvZ Sind

/R neglected) shows that for the range of the parameters considered, the
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influence of this friction producing reverse effective force. may be
neglected.

The influence of the dimensionless term ug/rw? on R/r, V/rw and B
is greatest for the spinner with the forward-curved blades. The resul-
tant velocity, V/rw, decrcases as ug/rw2 increases. There is less
decrease in the values of the resultant velocity for the spinmer with
backward-curved blades than there is for the spinner with forward-curved
blades.

As can be seen clearly from the graphs, the influence of the coeffi~
clent of fertilizer-blade friction is significant and should not be
ignored in any design or problem analysis,

The valuees of the coefficient of frictlon obtained from simple T~
bevel tests were in the range of 0.60 to 0,65 for the steel blades in
the condition used. These values were in close agreement with those

obtained with the actual rotating distributor and collectioa box.
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CONCLUSION

From the results of this study the following conclusions can be

drawn:

1.

Electronic analog computers can be used to obtain solutions of
equations representing the motion of granular material om the
blades of centrifugal distributors. Experimental results with
forward-pitched blades verified the validity of the solutions
obtained. Through the use of dimensional analysis and proper
computer programming, the results obtained are in general form
which may be used easily by designers of distribution equip-
ment.

The value of the coefficient of granular~fertilizer-on-blade
friction may be determined by a simple T-bevel test and this
value may be used directly to select the particular computer
solution that is applicable. It is believed that this ﬁioce-
dure also may be satisfactory for other granular materials

such as seed and granular agricultural chemicals.
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SUMMARY

The application of granular materials with centrifugal distributors
has become increasiugly popular in recent years. Because of their desir-
able features, the centrifugal distributors have a great potential in the
years to come.,

Heretofore, the design of the sprecaders has beem a matter of trial
and error, sometimes resulting in non-uniform distrxibution patterns and
lower crop yields. The purpose of this study was to arrive at casily
applied solutions of the basic equations representing the motion of fertie-
lizer particles on the rotating distributor. These equations were solved
with the help of an analog computer and the results are presented in the
form of dimensionless graphs which are quite easy to use.

It is believed that a designer can utilize the information secured
here to quickly arrive at a satisfactory distributor design to meet
specific conditions.

In order to supplement the information presented in this study,

values of the fertilizer-blade coefficlent of friction were determined

experimentally.
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Lppendix X

Dynamic Characteristice for Spiwmer Witk Radial Blades
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Appendix II

Dynaric Characteristics for Spinner With Ferward and Beckward-Pitched Blades



rWa

for.Spi nnex-With Fo

aracteristics.

.Dynamic.Ch

Figure 22!




T o
1
I

.8:b..u:.

.....

|
Fopward-pitc

{
Briiaty
tu%é

e

i .
pr Spinner

R
Fterisfics f

ar

FE

Angle T p v rTE O

;{lf

Y

.. Spinngr Angular Rotation;
namic, Chara

.....

' Componients ‘of Tangenf of Depa

F L T TN S

o o

20

N
R B

-

b

[ S

usuddion |

.p.u“a.
LA
Juoueduio): x

e’

-

AV




.‘..

gul

roeo
'

inner-An

L

T RS A

oh ‘1/i
h/E _
SDEEE RE RS DR

JuUbIBTdSTq




‘ gure;25 D namlc 'Chara¢
' ; . Componen

terlstics for Splnner W

Es of ?angen;,qf Départu

@

th Forward

e Ang];,e e

Picched Bladgs = |

ETEE.
i :
i




lar Rotatio

Angy

i@.Trﬁ

s

s f%r-Spihner-W’

1te'r'i‘sfcic

1amic. Chara




th Forvard-Pitched Blades :
glé:fg1._§:.:.:“m..,.3"d

re! An

or Spinne

-4
|
t

ic: Chara¢teristics f

[ 7] Componeénts! of Tangdnt of Depatt

o
S auauo

LA e

.

Hu
H

00 X Il

TV -
e e deg




......

)

eristics

B

Angular

[
L

. Spinder

amic. Charagt

B s o Rr T
i

P bl r R -
i 1 . ; .
m w.!._. i SRS R O.U.Jum/.
! Ce - 5 LA
. [ . Pk
Ve Ve e m,8.
i . I . N
AR B T e
H : ! N
oo I
&0 -
o

R .
~ i S
: ! Cyh
. WG R . P '
W_ . _ ............ P T L R R R SECEEE SECE U SRR "_
L. 4.‘..M..‘. . W v.h.“ “ H
T , ; - :
. s _ D Y SR
o G
: - : i . . .
M SRR - s v PR —-t R LI L e e e +
RS . L 1)d vedoortds &
e S i SRR t




on,

i

ETR
fbrs

e

|
|
i
i
|

... Spinner. Angular .}ﬁotat

fc; Characteristics -

{7 -~ Figure 29 Dynamic




e PN
Dynamict

T Comporien

Charapie

_.' - . H
|

:ﬂsp;gﬁipﬁ;;neg

‘Angular -

tics for Spihner W

rees ~ [

A

i th Forward-

kS 'Gf Tangenf of Depdrty

Pitche

re Angle TT LD

diBlades.




.1 180

...........

w coped o
R — NID._..ll..-
it c e
i
.

ith Forward

W

...................

.....

fuswpovy

1




vard-Pitched: Blz

[

Vi

hioovTdsTq

R




50 —— : ——— - —— - e e e+ e
! A R L . ; | i ]
S B | : ' f ’ ? ;
; : L : ' ! ! Lo )
bl ; oo ; ! i oL
_______ | @ SR R &
Lo uO/er KO ; ; B , ! ‘
aO sl B=30T ; AR 5 )] Z
b T u= 0.2 oo : . P YA
! ..... ....... . i 5 ‘ B : . . . L. IR [ i
; . P , : : o i
boe = - - - e e e e e ! : . R D i
! b i ; i -t 4 I
l : ' . H v 1
| ! . i ! : 1/ i
H H . . i ! b !
L 30 - ’ E : ; ' L :
i,__ 3 4. e b e e e e e e - R [ - —————— _.._IL_ (R - - v _i_..- __i
. | | | i . P l . i
A b ' ; ' ‘ : ;
| L : i S i : i
T I S i : : .
r ! ! _ I
RV EEREECEEE i a8
T R S ; : '
= = i I i ’
- . P G : i
S, 7o NN =2V S P S U : USRI Sy
Nen NoW ; H 1
E . E ¢ ; :
o . R} : ;
O O
l.% . I S LT L B SN

IR A B F‘lgure 33 Dynamlc Charalctermtlcq for Spmner W')_th Backwar-dl-PLt:ched Blades IR
i . 1 D Y

(,omponr_‘nt:c of Tan&,c_nt of Depalture Anf'le f.ﬁ l’.’. I S t IO




: . T , . - T T YT T

........ | I S ' i . ! Ll i
............... ‘ R H i . T i ! H
i - | | |

T D N e SR S S SRS SO N U SR S
I - | . j : { ~ : b i / 7
AN s ug/rw ;:K R 1 S : ;

e ejmrom b e e b ..v_._.r_,._ S

1
v
i
!
1
1
t
'

g ;‘::20:‘??; L @o;f:;f ‘:.ao . :,.:éO't‘ 1qo L DL U120 UIE0 :i:140t:::{ -1 180
|




i

v

1 componer.

X
b N
Y (Component.

BT SN I

~FigiFe 35 D

gore - e b

yanicl Chara
17 . :Componen

-PiEChEd Blades i ]I

ts of Tangenft of Dépar._ct.lfre'éng.ie: o




PR U P SO

posedsq |
P

i




'.--‘-_--_7--.- -. Fe ‘ 1?i'ggr¢fj32"j‘0*man11c Cham&tcrmtics fpr Sjpirmef w’.th BaCkWardrPLt_ched ‘B_la(;ies..jj_"jf' R T
R R RORS DS A Componenfs -of Tangent of Departure Angle -y o i SRR ARAPRNN IR SIS ST
e e e . . . e e :‘.'......5.‘4. ;

| i

1 Ix '




Rotation,

.9:

or Spinner With

SN O

|
o

3:f.
l

PN S
i

" Dynamic :Charaqteristics

ceeedill D afg juoweserd

51
i




!
Spinner

Vo
Or ..

£

o . .

-6
! Spiner Angular Rotatid

amic ‘Charadteristics.

40
RS
T‘jbﬂtn‘
'Y"l‘

|

9

et ) - . B O e
P o . ' e e e e . i . RN
VR o L P .m__,.:O“f“mo...
— :.:..t..ll b - e e e e - o e ——— IJ »...\ll.,..nlﬂltl.l«l..Thl.l.‘l
zm o 3 G L. ! \ . . ' A R : .
S Lo N R

o] H ' : .

u . .; l . w-. - -~ |.w. —
....... i R P S P P .
......... 1 S e ey i T B

, T N [ T .w
—_—— s . i
H ' - 1
........ © R SO . e H A/_. R
....... S R R
B - - H S e - - — e FEN
..... [ L N3H\> %UMOOHONV, _. Sy B
; R A AR ] ” R “ X




e

F

|
|
i
i

a

Fe Angle

[P
;eQS
i

100 - -
teristics-for Spinmer With-B

1]

. Spinner Angular Rbtation, Deg

BN}

s of Tangent of Departu
i‘ :

:t

6F

amtc: Chara
- - Componen

.........

. 0 -

RN

N T
—
B
oL

S
~ TR
D -y




i

............

PR

: ] :
L S S S e

.........

aEdpPitched Blafes

W

ex WEth Back

“Spinm

........

......... S i
L . SRV SRS —
' PR i
. . 1
- y -
e P e
.......... H
......... .
T T
......... b
....... 1.
!
...............
...... 1
e
. P R

P L

NG S S— ".QWLD.U ;
i B e e
. e e . ” ......... ./... .... _
..... oD :
” ..... . u ....... .
- . : ) :
” ; ' T i
i o./~. 1 o m . Q
..... i . i . B .
i i E T
el RS b
e T AR A ".".N,..hwm.ygo_
-k st i . BT
- " ..... _ R
D LN v

N



......

- —- ..Tl!.l.l'l
= R
LR
[ I O T
R
Lo % i B
e i
0. ..r_ B
-0 .wl.hll ————
~— _J.».
...D“ o
. .>mm. .
SiEL L
I B
B
<,
5 i
o ot
€0- -

stics Fbr S

.. Spinmer Angular

tert

.Aéo; C
a
ijr}fz;éf.fi

c Chara

Lo e M

ami

A

.

.
‘ . . RS
N




|

gree

i

‘With Ba
ve Angle . D10l

FE

'
-t

Charadteristics Fdr Spinner
.. Coniponents b'flT}a‘n}ge_a:it}' of  Departu

o

jular Rotation, De

e
a

An

namic

......

......

, : LR
Lo iy auouodwod Ki

.Ll. ———




cteristics For Spinner With Ba

hara

-

Dynamic C




.........

P S
5 i

........

......

..........

|
I
!
i
1

tics

Aéoi. .
Sp im;'xcr Angular

i.c- Characteris
i

..........

‘A3100tap




......
i

(@]

O “ P

AR

co ]

: -

B I
. .9 .

S

el

1 . .a.

P cl..

. j{=a NN
Ui
—ige -

ol

R ¢ I
oo XN TV
4N
~— 1 _

60

cKudtd-p

i
|

of:Déﬁartuﬁé Aﬁgié ;;:f

Spinne

1
1}

er Angular Rotation,

- spimy

ent

AR A
. ‘Componen%s of Tang
P . . . ! - e . .o

.....

I v

10

oo §

updwoy X'




[a)
\

Appendix IXIX

Dynamic Characteristics for Spimner With Forwvard and Backward-Curved Rlades



.....

1200 o

ith Forward Gurved Bl

100

Rotation, Degrees

i

80 -

Sp inner Angular
‘Characteristics for Spinner W

0
ibﬁﬁémic

.......

ST uwwmw.” ”wm.wwm”ubvewumamwwm A P I D




P

PN WS W

e

fth-

ion, Degrees - ' -
SRR TEEREER

Spinner W

G 3

P

.........

..........

“eyi |- ‘se0aBaq
[ ..

i

J”.“..mh.“nn.

‘g -ar8uy.axy

......




i

I

¢ Characteristics for Spinncr*lbit}l Porward+Curved ’Blddejs

i
G ]

........................ 0o D
....................... Moo\ oow
...................... _ R 9
. P L e VL N L o oo
— — e s - --- e e O -t
.......... . | . -~ . .
...................... [T
......................... e
E R L s S I S T T TETINTTE SETL TR R S ] . On“
e P S T U N S L e
T O s A A W U0 A T
. . . o N W O h..a
- ._ . . e N : - 5 -
S SIS SEUSU . - S ) U RS SSUI b - 2
....... , AN T
e _ C i ' . .
i . T A N N U e .M :
: O O W N 5
........................ . . g .
. . o .
...... . . . R R
: . . ' . . o
T T T B . m ...... . = TR
e e — ——een. —_ e e e e . ———— -t ——— . Il.yﬁwl!.nlf
......................... . . ! ) . e .
............... . [ LA
......... _ Lo e
P ; P w
' e O
......... . o [ e e
' ! |
e [ - H . .
SR S R SRR e e
IR SO S S ; SR S ]
SRR TR B \
: . o 1
“‘ : ‘o Vol R =
- B oo i | -
NV N A | o
[ A S o, T AN | .
..... LN, = e o .
LS P _ S S o
L e < T e ., .-~ L -
...... L I TR R . . o
......... ao - e S , R .
........ .3 P A D
. I B ' 2 e
................. . : _ <
......... uh RN S S A 1] L9 T S =  TE T SR @ > I B
S e S O S b ,
T e . m B
........... CAN uﬂmimod.—.&.m qa L e
e e e e Coe . e e e e . B TR - e
R A P o . :
1 i H .
......... ! B . o ;
L— : — . 1 — P i . — o L




- 60 -

80 -

1

F e

......

- .. 89018

&\> £312079A
&
o L

M

......... |

1

ngredaq .|

..........




o
D S - -
2 Ea R '
. m .. “ . . .1
! i N
. i —
ol . P ;
i

.........

P T

S g i
- CENT 5 M-
~io, )

rvar

grees.
With Foz

LM :
RG]
g
SO e

L D .

R = T
L. BW
P iy
g 2 s
R e T

[N | .
g :
S N .
R Y S
B o) ] .

R
LN
. ot
oo Sl
B Dot = o —




pifiiéf

o B

':‘ja;-;*:r

\aracteristics for §

iSpinnPr

c. Cl

.. o
o~ 2
N 1
..........
< +
.- .
......................... . .
R B
...... . o .
- o -
.......... S R




..... - S, S - - - , - e -
P i |

1 1 ' .

! H

i

i ; ‘

i ' 1

! , .

; . ' ; . -
. L : R . L . . . : . . . :
' . : . H . . . . . ! . P,

oo _ ub/lw—‘-K : ' L ' i
o e=20% : ‘ R o ;.
: - u= 0.2 ; : v : - : !

&
S

Displacement ﬂ/r

0~ 20 40 60 : 80 100 - - 1200 140 160 - 180
; : Splnner Angular RoLatlon, DOGIC(b SE . o .

]

IR j:"’"A§igure;53 D5nam1c ChaTaCL011§t1CS fOr Splnner Blth Fozward Curved Blades
i . . .
i

H ; |
i - T -4

——— i i e e el wamm et i == 8w e em—— et e e i e e —— -t A e e 2



K 0. 002

0,126 T T f
0. 750 ok . T

.........................

o e - 9
: -é ~~~~~~~ i Splnner Angular RotatLon, chrees P i
[ ..... ‘ ................. |
I r%ure 54 D3n‘"““ ¢ C‘laraCCGrlstlcs fpr Spinner W ltﬂ Lorward (‘urvbd BIadcs i .
..... i R e I : . . T | Lo e
...... oo e P 1 i i e R o e
o . ‘ . . ! ......... ! o ' ...... J._ o ____4‘_ o T e




...................

ved Blades -

rvard- éu r

With Fo

istic

ra¢ter
4
i

‘Cha

- Dynamic

oot 3y |quowodeTdsTg |

P ey e

.

| T
oy :

e ey . Q@ .

T I

_ﬁ. .

i ey g Cimeea .
FE T . .
O S T .

P T T

PR

!
H




i

.......

ug/lw + K

b
I
1
I

......

..............

..........

.....

..... . . e e e e
............. §
oo
+
............. | A
...... i |
, A i
............ \ B ——i o T
AAAAA i i .. <
! !
! .
P e e O 19/ . A ! N |
T N A N/ : oL i
U S . _ :
N T
...... H i ~
Lo T . |
i L i
I .
. . I
: ; : T
* - . — - - - <
. i . ; . :
N AN 1 A P e e e . )
| i ; i =
..... . oy S i e
H | R ;
- Si : ! P S i
- AN - — xS - - - —
I : i i '
! ' i :
\
: : : . . ! . |
+ ' ! ' . :
. i : ' i
- 1 [N e e e . — e e
1 ! ' ! ; !
! - : S e e e T !
..... Il S e H i .o N H Ce e e Coe e oy
. i : ! !
..... P ! . i L i R e
..... ' . i e l - I T T
. : H
- B . - - - H
. t . L s e s e e i
|
T

[ O 2
..... oY
A

.60 ,100,




T ‘
3 w._ s
.l.ﬂ..@H
S
<. T
N - I
T
&
.‘Avr..
G
- }
h.....m. .
nw :

¥

P}

namie- Characteristies -f{br -S-}#ihi‘ré

Tar Rtation, Degrees |

60

| Spingér Angu

HE
T

Figire 57 D

' oM L A 1 .
T I B R PR T . [ e

........

2
Wl
L Pi=
ul=
29

H i : b0 G e ! P .
r.._ e — |u.. - oo — . - - 4= Qg . - [P —

K i . P i I . .

B H |

- IR T T B R i () B .

+

v

0

e I
: c .
H "4 T

O

EAY

S

1>

at

A4




44444

. i

N R - R
i K "R
m ..e. M
S :
N . :
— oot i

i . i n
O w
o H
o ;

. 1

......

g

: »Spinder

N~ I

)

.f

HEL 2

m
- uut -
.. o -
. ced : .
..... ﬂ.
B KT R R
(O &7 U
T : &t

~ -

S -

=

O

Q

o -

P I
.3 '
Ve
N
i e e o -

o mﬂﬁ¢mua”mmHOHWQ<Mu“ﬁUngaam_w._wmmm i




80 1?0. —

pm.

130

| Spinner Amgular Ro*tion, Degrees . . . ...
Forvard-Curved Blades: = -

.....

........

.....

S

mwuagEvaHgm.




.... .. Awll.nm :.I .A“W 04..1 " «. n..“..r,.m
F R R~ (IR BRI TR T

- -8l ) wu“ulwrﬁ”up:uwmmmﬁw.ﬂ :
_.“v...s ...m..;.r RS I




T e e e
P

g

B

i : H
. “ . H
i
- i
S X
D - ——— ]

nber Ansula

i

ctcrfstlcs

S it

ar




..........

. |:uv-;lﬂwmmw:,

........

.............

i
= YU
O
1.. H
o .
4-=F- Y7, -
~— U
(o]
. Qo
. ..W.
[ S
SO\ [P - U

8

’

Rotation,

6D

-fspinnaflAnguiéf
r

......

.........

/A K3tootopl o

it B

.. ...8931%3(] ‘¢ oﬁmc<_04:u
Sk

avdaq - -




T

80
S DY T C
-+ Spinher Angular Retation, Degrees

50

——

140

ward?Chrvéd:Blade§>"

T
11

isties fbr'Spihner<WﬁtHjFo&

t
!
i
1

&
|
Dy

..... v
,,,,, 5
..... wo
S

SR R SR Y

Coe e e

oo

uswoordg I




T I N
)
...... m H
I 41 S SRS SV b em
...... [
oO ........
I T e
1 OO [N T
I [ 7 < o T S
T LA o ST
DERRESRE S
. B o 1 Loy
. i >~ e .
— L. .,W; - H .
} i A I
N . B T
v DL, E R
_ B S I NN 11_+.. P .
R R M1 jp K3100T9)
P DA : H...,”...m”ﬂwq_ﬂwfm.“.j,
R P S C . .mww.&wwm;.a& 2
......... i N 1
i N i i I i




g 120

.....

i
P
1

Backward-Curved Bla

pinner With i

L.
!

P

Angular Rotation, Degrees

i
o
i
|
i

stieg fpr-s

ner:

[

&meﬁChdraFteti

i
1

- Spin

.........

. 244 3usfuodetd

.........

......




..............

i

120
ith Backward-Curved Blades

0.002
0126

K= 0

|
I

Thr Spinaer W

.......

e
|

aracteristics

60

...A..Ju.,...“.“..?_nHWHA‘.Q
3H\>\AUMOOH_®>__

- S R S A SN A H%...”......w < S Y- S
Y _ v DI I |




D

gn, Degreey: |

Q..
.
I
_“
|
HH
P
b
|
1
|
_—A<

ar: Rotati

VY W

tics fior. Spinner -With Backward-Curved Blades -

. Spinder Angul

Figure 67 | Dynamie Chardcteris

chmf e eem g g

If§ Qudwa

oe1ddT




002~
126

.
.

0
0

K

[

N

Blades .

[

ith Backward-Curved

actéristics for Spinner W

" Spinmer Angular Rotation, Degrees |
fDlyhéﬁ-li'-c: Char

|

..........




.........

—

ooeTdsa;




IR

S RS M

r With Backuards

Degrees | - - -

Spinne

Rotation,
or

b

SR R

;:Sﬁinnéfgknéﬁlér

?CHaTéTﬁdriStids

T T g

_muuuﬂwc¢“oasuuaumm

I TR TR
iy




..........

e : ..,... .
P T . .
—_————— ——— — - —
Py e : P T .
. I . 2 S
N I e
. [ - LS .
- . i ,
- - tem e :
b : e i
:
'
e P T . i .
e g e — —— e
; T ! E
F N . e . i e e e
o e e . I R S, i
H - 1 . 1
b e . . i '
.......... ' Ce i P S :
e s : [P
! : '
......... H 4 -
! ! )
H m . . . i
e 1 . P e
! . T i
.......... i . . R
T I R i e
m FE L T e -
! ' P T
- . ; -
! !
......... i .

.......

..........

! &
-
H M C
i o & 5. ]
oo WL D, ..
; Mf
: . B IR
4 m . .u.:ln
R ‘ - WDth .....
B IR I
“ el H
P Ne.“t -
Loty ——
......... B =T B
' .l”r .
. S i
i N
! TG
! - I
H RS
m.m
m B
. el
. 0 .
......... P
m .lA .
. R

.........

19 0¥

ot

R

.

K S ) :
Ve T . L
DI PR T L N B .
- P~ i PR - - e e -
F N o2 m ..... m ..... ' e i e .
i S S ) ; . '
. Coy . 1 P i w
. S i 3. D ST
: ;.w R NI :
A M...H..

'
i




BSs -
]
1

]3lad,

..........

.
th BackwardrCu:

i
.n

r . Spinner wr

NEERRR

tation, Delgrees ! -

RO

|
}

e

A&gulafl

Spinnetr

P
|

.....

ynamic; Charapteristics fp

‘g ‘a8uy ah:
bl

.....




........

- I..|LM.I.._.; S SO SRR W ;

0.126 —~_

fofZS,O_'

C
oo~ e
P H
. Vo
o :
o - P e
— '

: !

)

s o

Blade

‘Backward-Curved
. H i .
i

t
i
1
‘
H
L

for Spimmer With

f oo
t
L

c Chardctcristics

. r .
Q.
T
. n . .
i .
oW o
[<2] R
CoUTre
. = T
A

......

Juatidoetd




) R,

|

=
........ . 0.
el

1
b -
L.

i

S'pii‘nm.af_ Aingul:n Rétg t

llvlnlliwrli.lql,lluz. .l||r.-l4I=.-.|=ll,l=-|.| . - :
e e N R = U= R I A - . BN L

: 2
B (T T T AV - S
i S e e s N ONIN s e
- . B
i e T NN D
. P T e N A T e,
. ) i
—— . + ——
. [ . e R S S S
N o : " < ) N e

SENREREE :rﬁ:_.xnw;mtiﬂ@é“m;gu SRS R EERRE AN

. < Y S SR - A SN
_% 1L ."
S RSBEIES FR .%xWﬁou&a_..m_,.ﬁméfﬂ.aﬁgu SERDEREEEY BOESERN

E e T S T




T

9

1}
i

rees

ion

F SR

tat

Cutve:

‘Backward

EREE PP S ——

iSp

-

1 ,
i e
i . :
I

.

h

v' ) e t

i
1

ihner W

1

.

Apgulaffﬁ

inner.

T Sh

. L
— 4 ——

Juaupoetdsh




S I

fdog e P

B

T

gle B,

PR S D
.

|

61 .[

‘Departyre’ An

. 0’8

"terlstles'f




r - ' T T B T e [ T
A Lo | i , i ! . : !
P ! | : : | ! : ; | i
! I : . 1 . . ! i vvvvv ,
; ! i i 3 ! : L : o
! | ‘e : L i 3 i 5 !
: ; - . i i i : s
F : ! ; i S ;
| ! . . . . !
T e :._._.,.._-A._‘..._._.._.__..,5‘-_. U + ey - - . S
[ ‘ 2 ! : ) : '
i Ci : : ug/rw =K ' : : i i :
[ . . m= 300 . I : ;

_____ = 0.2 ; e | o /
. ; | ;
!. k] ' ' 1

T e B T T S e I it T T e ._+._. e e it 4 i+ e e manmim o met 2 mmeam oo+ g Yo e el

Ciimt ey e e e e s

e P : ; !
- : . i é ; | : S
!___._ . _4 e e e e T e ——i—— - - —_ - — _.%- ——— e
i PR 1 .

P .
SRR SR S S
’ o

!
L T NI REENPRE +___ e o e

| SRR

Lo U DR

LT SRR ,3

....... ! ! ' : I, l

~-’._.. -;— ___1_ ..... —-;.. S ! Soe o s - . - Lo . l B e - ' ..... : . . :
o ‘_‘;io;‘»_ 40 - 60 o 80 "100""'120".':i5;1‘:+0..:::'160:':'5,':130

Zil R A .‘,;f L splnner Angular Rotatlon, Degrges e B .: .:.1 . P . : ..;




002+

CK=0

R b

- bad

ades

v
!
i

réicurved Bla

th Backwa

¥

imre

P

| SN

£qrSp

Istics;

e -l

teT

| -Spinfer Angular; Rotation, Degracs.

Chrar ag

YTamie

T J




d.

Curxve

i

fkwa

nner W LEh

ralar:

b

Tes It

g
'S

L
Ly

m
.

nrrer Afl.
SR
te

o i
Chata

|
1

mic|

Y3
-+

D




F S e R T

Coe e e F e

A

- 0002 |

5
................ v SR A
. A ce ] S5
e . . L ?
. . : ) e .B
T R I D T = I
- JE R S 50 ..w.ﬂ-l-;.
...... . L. =L
s =

— gy = —

u

. ‘Spinper Ang

K
'Dynaﬁié§Chata%Ee

e N NN N l:..m.ﬂ..nu:_.mf.‘
R A Zﬂw

. SRR %

>M%uwwo.mo>““.w‘m.._.

1
P N L e
% T < ORI < « RO SO G
[ A S 5 LTS S O (U S

P T T T S R

L .
R N P ,...N@o.ﬂmu*u ‘d o1Suy quu.ﬁw&omv._




L

. —r
Tas
RS

Bee e e

e [
'
B e

(@]
T T R
. Vo o .
i Coh el . .
- SO DY SN SR .
: P i {
f i p o .
H ,On 1

0 o

ORI b S
AL

: —
N
Ll
Rt
T TR T
o. " t .
& b
- =

: CE L
e e

SRR L S
tatioen, Degreces. |

40
. ‘T"-
tics Tyi Spifiner With Baé

i -

e

oo

PR S A
: 1

VI
.-
A
..... H C— wr 4
; . EPTR NR
.............. . o rL
——— B B : O
L : i IR T
. : R R, : N Y= VR
. Ve e e e e e e : . . . .S.%
- .. P - ! . . B - - . .*ul. -
S R b e
B — S R S o g
[ . ; . A
| [ S FS o .. s
AR R o b T R
e a SRR U AR
J P . _ ; .. - Q.
......... g @ X . W
..... oo, : I - H
. i Mo T - m
N Lo . R A . . i -
.. . ‘N ™D i i . _
. i R ;
\ T S S T, . i . X
- r - l.y_ . s - .
. S8 ”
[ _‘..,.. 1 " .
R ' P ﬁ ....... ,
R ; i . i R T O .
coa I ST Ll hoo P -
"9 o " RN A i  NEEER s o
IR T R SRR AR S SRIDER SN ARUROS S N
. P R “;m uﬁmzmouomﬁamwﬁm s i




6

0. ..

1

1

1

s

80

60. . ... ..

er Angular Rotation,

-Spi
namic. Char:

i

T

ZDe?ree

Sninner 1dith

:
i
es

-Curved Blad

‘Backward

br

: L"iéLir'e’ 82

téristics f

T

&

TR T T T T —

R R RN R R e
loomapg Aarsoren |l L
S IR SN I SN : ~SAE N IR - o
TR DRERG ST R R SO SRt -
C L B99x80( mn.uHmagvopﬁuaamva‘ Sl P
' : S 1




126

Appendix IV

Yynamle Characteristics for fone-Shaped Spinmer
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COMPUTER SOLUTION OF EQUATIONS
FOR THREE CENTRIFUCAL DISTRIBUTOR CONFIGURATIONS
by

Hormoz Alizadel
ARSTRACT

Centrifugal distributors are used extensively for the broadcast
application of granular materials such as seed; granular fertilizer, and
agricultural chemicals, A major problem with this equipnent is nonuniform
spreading which frequeantly reeults in reduced crop yield.

The object of this study was to provide information vequired for more
satisfactory design of spreading equipment. The equations representing
the motion of grenular particles along the blades of three centrifugal
distributor configurations were golved with the aid of an electronic
analog computer, Straight, forward and backward-pitched blades and loga-
rithmically spiraled dlades, all on flat distributor bases, were studied,
Straight radial blades on a concave, cone-shaped base were also ilnvesti-
pated,

The results of thie study were presemted in graphs. Displacement,
velocity, and departure angle versus the angular rotation of the distri-
butor were plotted for a large range of parametsrs for each configuraiion.
These varlables were expressed in dimensionless form. From & study of
the graphs it was noted that of all configurations investigated, the
radial-blade arrangement requires the smallest rotational displacement of
the disteibutor to impart a specified velocity to granuler material., As

the piltch is increased reater rotatilon is required. For a given amount
s 4] g



of distributor votation, higher values of the coefficient of friction
cause a veduction in both displacement of the particle a2long the blade
and its final velocity. The effect of increaging the ratio of gravity-
induced friction force to centrifugal foree is similar but smaller than

the effect of increased friction a2lone,
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