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1984. Analysis of the separation of straw and chaff from wheat by

Grain losses in an aerodynamic pre-cleaner for a grain combine are affected by air velocity and direction. In this
study, a mathematical model of particle motion was solved numerically to simulate the motion paths of grain and straw
particles in an air stream. Furthermore, laboratory experiments were conducted to observe the grain loss in the apparatus
using different jet angles and fan inlets. The results were analyzed by regression analysis and compared with the
theoretical results. A low grain loss was obtained by selecting appropriate velocities and directions of the air stream

over the pre-cleaner sieve.

INTRODUCTION

Aerodynamic forces play an important
part in grain separation and cleaning. The
cleaning efficiency is very sensitive to air
velocity since the drag force caused by the
air stream is proportional to the second
power of the air velocity. Numerous au-
thors have studied the effect of air velocity
on the efficiency of grain separation and
cleaning (Uhl and Lamp 1961; MacAulay
and Lee 1969; Rumble and Lee 1970; Mis-
ener and Lee 1973; Freye 1980). On the
other hand, the direction of the air stream
introduced to the material has been real-
ized as another important factor affecting
cleaning efficiency (Misener and Lee
1973). Consequently, the manner in which
the combination of these two factors af-
fects separation and cleaning efficiency is
of interest in our study of incorporating a
pre-cleaner into the combine cleaning sys-
tem.

This pre-cleaner would replace the tra-
ditional oscillating grain pan. The threshed
material mixture would be transported
pneumatically to the cleaning sieves by an
air stream via the multiple-air-jet sieve of
the pre-cleaner, thus greatly reducing the
content of MOG (materials other than
grain) in the material entering the cleaning
sieves.

A basic approach was taken to investi-
gate the relationship between air direc-
tion, air velocity and grain loss on the pre-
cleaner. A mathematical model describing
the particle motion in an air stream was
solved numerically to simulate the motion
paths of grain and straw particles at dif-
ferent combinations of air velocity and air
direction. In the laboratory studies, a pre-
cleaner incorporating the multiple-air-jet
sieve was built. The grain losses affected
by air flow rates and directions were tested
by changing fan inlet diameters and sieve

jet angles of the pre-cleaner. The results
from both theoretical and laboratory stud-
ies are discussed and compared. The best
jet angles and fan inlet diameters of the
pre-cleaner were thus determined.

LITERATURE REVIEW

The aerodynamic drag force F, acting
upon a particle moving through air is a
function of particle frontal area A,, air
density p,, air viscosity ), elastic modulus
of air E and the relative velocity between
the air and the particle V, (Mohsenin
1970):

F, = ﬂAp’ P M, E, V)

The general form of F, determined with
the Buckingham r theorem is:

Fi=12C X A, X p, X V2 )

where C is a dimensionless quantity re-
lated to Reynolds number and is called the
drag coefficient.

A few methods were developed to de-
termine the drag coefficient C, the particle
front area A,, and the Reynolds number N,
(Bilanski et al. 1962; Garrett and Brooker
1965; Hawk et al. 1966; Shellard and
MacMillan 1978).

Rumble and Lee (1968) developed the
differential equations of particle motion in
an air stream by assuming that the drag
coefficient remained constant as the par-
ticle was accelerated from zero to terminal
velocity.

In 1963, Bilanksi et al. determined the
terminal velocities of wheat grain to be be-
tween 8.8 and 9.2 m/sec. In like manner,
Bilanski and Lal (1965) determined the
terminal velocities of wheat straws of var-
ious lengths. The results showed that
straws less than 6 mm long with a node at
one end had the highest terminal velocity
(4.9 m/sec).
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The possibility of aerodynamically sep-
arating the grain from straw and chaff was
studied by Uhl and Lamp (1961). They
found that all chaff-like portions could
readily be separated without grain loss,
and approximately 94% of the straw could
be removed from the wheat grain without
grain loss.

Several authors (MacAulay and Lee
1969; Rumble and Lee 1970; Misener and
Lee 1973) studied the aerodynamic action
by introducing an auxiliary air stream to
the entrance of the upper sieve. MacAulay
and Lee (1970) pointed out in their study
the need for a device that could disperse
the material mat completely before it
reached the sieves. The results of Misener
and Lee’s work showed that the best angle
of the duct used to direct air over the sieve
is around 40 to 45 degrees.

THEORETICAL STUDY

The principle of this study is based on
the aerodynamic properties of grain, chaff
and straw. The forces acting upon a par-
ticle moving in an air stream are the grav-
itational force, F, and the drag force
caused by the air stream, F,.

According to Newton’s second law F
= ma, the equations of particle motion in
vertical and horizontal directions are, re-
spectively,

ma, = Fy — F, )
ma, = Fe, ®)

To simplify the theoretical analysis, the
assumptions used in Rumble and Lee’s
study (1968) are adopted here. In addi-
tion, it is assumed that the velocity and
direction of the air all over the multiple-
air-jet sieve are constant (do not change
with the position).

The drag forces in the Y and X direc-
tions obtained by Rumble and Lee are
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where, V,, and V,, are the relative veloci-
ties in the Y and X directions, respectively.

By substituting the component forces of
F,into the equations of particle motion and
noticing that A, = Y, a, = X, the basic
differential equations for pure aerodyn-
amic separation are:

¥ = g (2yv)-1)
X = g (i)

©)
@
Substitution of the relative velocities
Vy=V,-V, =V, +7 ®)
©)
into Egs. 6 and 7, yields the differential
equations of particle motion:
Y = (@/VR)(PR)+(2gVy/V2OD) +
(8V2/V2)-8)
X = (@v)®p)-(2gVulVOX) +
(gV2/V2)

Va=Ve-Vye = Vo-X

(10

an

A FORTRAN program using the
Runge-Kutta method was developed to
solve the equations under four different in-
itial conditions. The respective results are
shown in Figs. 1 to 4. The particle initial
velocity used in the Y direction was zero
and in the X direction was 0.35 m/sec. The
angles were the air flow direction angles
which were equal to arc tan (V,,/V,,). The
grain terminal velocity used was 9.0 m/sec
(Bilanski et al. 1963). The paths of grain
particles are plotted in solid lines. The
straw terminal velocity used was 4.9 m/
sec (Bilanski and Lal 1965). The paths of
the straw particles are plotted in dotted
lines. The respective position of the sieve
is shown in the figures.

Figures 1 and 2 show the motion paths
of the grain and straw particles at the air
flow direction angles of 20°, 30°, 40°, 50°
and 90° at an air velocity of 10.5 m/sec
and 6.4 m/sec, respectively. It can be seen
from Fig. 1 that at the higher air velocity
the straw and grain particles are blown
more upward and rearward as the air flow
direction angle increases. At angles
greater than 30° the straw particles are
moved quickly upward since the vertical
component of air velocity far exceeds the
straw terminal velocity. As the air flow
direction angle increases, the vertical
component air velocity increases and the
horizontal air velocity decreases. This
slows down the particle velocities in both
the vertical and horizontal directions when
the vertical component of air velocity is
not greater than the particle terminal ve-
locity. Depending on the relative magni-
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Figure 1. Theoretical motion paths of grain and straw in air stream at air velocity 10.5 m/sec.

tudes of components of air velocity
changed, two possible cases are:

(1) If the decrease of the particle veloc-
ity in the vertical direction is greater than
that of particle velocity in the horizontal
direction, the particle will be transported
more rearward.

(2) If the decrease in particle velocity in
the horizontal direction is greater than in

the vertical direction, the particle will not
be transported as far rearward.

At a high air velocity (i.e. 10.5 m/sec)
the vertical component air velocity is close
to the grain terminal velocity at high an-
gles, thus case 1 occurs. From the curves
it can be seen that if a 90° angle is used,
theoretically the grain would be blown up-
ward shortly after it entered the air stream.
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Figure 2. Theoretical motion paths of grain and straw in air stream at air velocity 6.4 m/sec.
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The grain could not be transported rear- o

ward since there is no horizontal compo- B\ Sag £~
nent of air velocity. -0.1 \ :::::\‘x
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the grain would be transported relatively
less as the air flow direction angle in-
creases at an air velocity of 6.4 m/sec. At
high angles, the vertical component air ve-
locities are close to or slightly exceed the
straw terminal velocity. Thus the straw is
transported more upward and rearward as
the air flow direction angle is increased.
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The grain, however, is transported less -0.7 AN % N NN
since the vertical component air velocities \ AN \\ \\ e
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ity, causing a case 2 example. From the \ " AN
above results, it may be hypothesized that -0.8 \ N AN
in a high air velocity region, the straw and \ \ °
the grain will be transported more rear- il NI e — s VSMMMMUL NN, S R T
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creases; and in a low air velocity region, X DISPLACEMENT, M
the straw will b.e tra.lnspor[ed more rear- LEGEND: ANGLE +—— 20 (GN) +-—o¢ 20 (ST) a-a-a 25 (6GN) e-o-8 28 (ST)
ward but the grain will be transported less #—5—¢ 30 (GN) s 30 (ST) +—a—a 40 (GN) w—a—& 40 (ST)
rearward as the direction angle increases. +——+ BOGN) +——+ 8087
Hence, it is possible to obtain a satisfac- Figure 3. Theoretical motion paths of grain and straw in air stream with different combinations
tory separation efficiency by properly se- of air velocity and air direction angles.
lecting air velocities for certain air flow
direction angles. . TABLE L. AIR VELOCITIES FOR DIFFERENT JET ANGLES AND FAN INLETS AS MEAN

In step two of the theoretical work, the VALUES OF MEASUREMENT (m/sec)
particle motion paths for different com-
binations of air velocity and air direction Fan inlet Jet Angle

H 2 3 an 1nie

were solved and plotted in Fig. 3. The air diameter 20° 250 30° 40° so°

flow direction angles used in this step were

20°, 25°, 30°, 40° and 50°. The air veloc- 305 mm 8.7 7.7 6.9 6.5 5.4
igs 330 mm 9.9 8.6 7.6 7.2 6.0
ities used for each angle are 9.9, 8.6, 7.6, 355 mm 105 02 81 7S 64

7.2, and 6.0 m/sec, respectively. These
values were obtained from the actual
measurement when a fan inlet diameter of
330 mm was used in the pre-cleaner (see
Table I). From the curves it can be seen
that as the air direction angle increases
both grain and straw particles are trans-
ported less rearward for all the combina-
tions, the only exception being at the angle
40°. At the angle of 40°, the grain is moved
less than the 30°, 25° and 20° angles, but
the straw is moved more rearward than at
these angles. This may result in a good
separation. For the angle of 50°, the grain
motion path is steep, which may not be
good for the purpose of grain transport. It
was hypothesized that with this fan inlet,

T HZMIMO>»rovwMHO <

a good separation may be obtained at the M
angle of 40°.

In step three of the study, the particle
motion paths for different air velocities at
an air direction of 20° are solved and plot- B aasasasas aaaasas LA AR AR AR AARAAAMAME MARARARAM MARAMARAS T
ted in Flg 4 The air VelOCitieS are the 0.0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.8 1.8
mean values of the measured data when X DISPLACEMENT, M
using 305-, 330- and 355-mm diameter fan LEGEND: INLET +—a—a 305MM (GN *-a—& 305MM (ST -3 330MM (GN
inlets (See Table I) 'I‘hC curves presented *-%—x% 330MM (ST 4——o 355MM (GN +-—¢ 356MM (ST
show that the grain and straw will be trans-  Figure 4. Theoretical motion paths of grain and straw in air stream at direction angle of 20°
ported more rearward as the air velocity with different air velocities.
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