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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 Fd acting
upon a particle moving through air is a
function of particle frontal area Ap, air
density pa, air viscosity tj, elastic modulus
of air E and the relative velocity between
the air and the particle VT (Mohsenin
1970):

f* = M» p« *n. E> yr)

The general form of Fd determined with
the Buckingham it theorem is:

Fd = 1/2 C x Ap x pa x Vr2 (1)

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 areaAp, and the ReynoldsnumberNr
(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 Lai (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, Fg and the drag force
caused by the air stream, Fd.

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

may = Fdy-Fg (2)

may = F^ (3)

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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Fdy = mg (VyV*t)

F* = mg (WV\)

(4)

(5)

where, V^ and V^ are the relative veloci
ties in the Y and X directions, respectively.

By substituting the component forces of
Fdinto the equations ofparticle motion and
noticing that Ay = Y, ax = X, the basic
differential equations for pure aerodyn
amic separation are:

y = g ((vyvy-i) (6)

x = g (WV*) (7)

Substitution of the relative velocities

v« = vv - vw = v„ + r (8)

V« = V„-Vpc = V„-X (9)

into Eqs. 6 and 7, yields the differential
equations of particle motion:

y = {{gw^m +iiigv^dh +
((svyv2,)-*) (10)

X = ((g/V2t)(X)2)-((2^Vax/V2t)X) +

(sVVV2,) (11)

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
grainterminal 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 Lai 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

LEGEND: ANGLE

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.

30 (ST)
SOOT)

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
ward since there is no horizontal compo
nent of air velocity.

From Fig. 2. it can be seen that the straw
would be transported more rearward and
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 verticalcomponent airve
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.
The grain, however, is transported less
since the vertical component air velocities
are still far from the grain terminal veloc
ity, causing a case 2 example. From the
above results, it may be hypothesized that
in a high airvelocity region, the straw and
the grain will be transported more rear
ward as the air flow direction angle in
creases; and in a low air velocity region,
the straw will be transported more rear
wardbut the grainwill be transported less
rearward as the direction angle increases.
Hence, it is possible to obtain a satisfac
tory separation efficiency by properly se
lecting air velocities for certain air flow
direction angles.

In step two of the theoretical work, the
particle motion paths for different com
binations of air velocity and air direction
were solved and plotted in Fig. 3. The air
flowdirection angles usedin this stepwere
20°, 25°, 30°, 40° and 50°. The air veloc
ities used for each angle are 9.9, 8.6, 7.6,
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, theonly exceptionbeingatthe angle
40°. At theangle of40°, 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,
a good separation may be obtained at the
angle of 40°.

In step three of the study, the particle
motion paths for different air velocities at
anairdirection of 20°are solvedandplot
ted in Fig. 4. The air velocities are the
mean values of the measured data when
using 305-, 330- and 355-mm diameter fan
inlets (See Table I). The curves presented
show that the grainand straw will be trans
ported more rearward as the air velocity

I I I I I I i I I I I I I I II J II H I I I I I I I I I I I I I I I i I I
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Figure 3. Theoretical motion pathsof grainand straw in air streamwith different combinations
of air velocity and air direction angles.

TABLE I. AIR VELOCITIES FOR DIFFERENT JET ANGLES AND FAN INLETS AS MEAN
VALUES OF MEASUREMENT (m/sec)

Fan inlet

diameter

305 mm

330 mm

355 mm

20°

8.7

9.9

10.5

25°

7.7

8.6

9.2

Jet Angle

30°

6.9

7.6

8.1

^ ^

40°

6.5

7.2

7.5

50°

5.4

6.0

6.4

X DISPLACEMENT. M

LEGEND: INLET *-*-* 305MM (GN A-A-A 305MM (ST H w w 330MM(GN
*-*-* 330MM (ST # t • 355MM (GN ♦-•-•. 355MM (ST

Figure 4. Theoretical motion paths of grain and straw in air stream atdirection angle of 20°
with different air velocities.
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increases. This is due to the simultaneous

increase of air velocities in the vertical and

horizontal directions. Thus, reducing air
velocity may reduce the grain loss and at
the same time increae the MOG content in

the grain.

EQUIPMENT AND METHOD
When the grain drops onto the sieve sur

face, it will either slide, bounce or stay on
the sieve surface depending on the air and
other conditions. In practice, particles in
a material mat interact with each other and

a large number of variables affect particle
motion in an air stream. It is impossible
to determine the proper air velocities and
directions theoretically; hence, this was
done experimentally.

The apparatus used in this experiment
included a pre-cleaner consisting of a mul
tiple-air-jet sieve, an air chamber and a
fan; a belt conveyor; and a collecting con
tainer. The collecting container was di
vided into four boxes. The first three boxes

(total 1.05 m long) correspond to the
cleaning sieve in a combine. Figure 5
shows a schematic layout of the functional
components of the equipment in their re
spective positions.

The multiple-air-jet sieve, 1.0 m in
length and 0.576 m in width was made by
using a number of steel straps with di
mensions of 3.2 x 50.8 x 597 mm. Both

ends of the strap were set in the slots of a
wood frame at constant intervals of 4.8

mm, giving a 60% open area of the sieve.
Five sets of sieve frames provided five dif
ferent jet angles of 20°, 25°, 30°, 40° and
50° to control the air flow direction over

the sieve.

The air velocity over the multiple-air-
jet sievewas very difficult to control since
it was affected by both variables of jet an
gle and air flow rate. Therefore,the ex
periment was conducted on the base of the
control of the air flow rate. Since the fan
speed was constant, three fan inlets with
305-mm, 330-mm and 355-mm diameters
were used to control the air flow rate. The
air velocities across the fan entrance pipe
diameter were measured at 15 equidis
tance points for different fan inlet diame
ters to determine the air flow rates.

The static pressure below the sieve was
measured at three equi-distance points
along the sieve, andthe average valuesfor
differentjet angles and fan inlet diameters
were plotted in Fig 6. Air velocities were
also measured inside the sieve jets at 14
points across the sieve length. Figure 7
showsthe velocityprofiles when using the
330-mm-diameter fan inlet. The average
values of air velocities for different jet an
gles and fan inlet diameters are listed in
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d. multiple-air-jet sieve
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f. sieve side wall
g. fan

h. fan entrance pipe
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Figure 5. Schematic diagram of experimental apparatus.

Table I. The air velocities ranged from 5.4
m/sec to 10.5 m/sec for the angles and fan
inlets tested. This range was roughly de
termined from the theoretical results, in
which a dramatic change of the motion
paths occurred from 6.4 m/sec to 10.5 m/
sec.

The test material was delivered by belt
conveyor and dropped onto the front area
of the pre-cleaner sieve. It was then car
ried to the collecting container by an air
stream. The material caught by the four
collecting boxes was weighed, cleaned
and reweighed. The grain collected in the
fourth box was considered to be the grain
loss as this grain would not be deposited
on a cleaning sieve or sieve extension of
a normal length sieve in a combine clean

ing system. The amount of grain loss was
expressed as a percentage of the total grain
caught. Three feed rates of 1.5, 2.0, 2.5
kg/sec-metre (kilogram per second per
metre width) were tested.

MATERIAL

Winter Hard Wheat was used for this

experiment. The straw and chaff were ob
tained from the Harvesting Laboratory,
Massey-Ferguson Company Limited. The
moisture content of the grain and the MOG
were 11-12% (WB) and 6% (WB), re
spectively. The bulk density of grain was
1.074 kg/L and of MOG was 0.036 kg/L.
The MOG to grain ratio was fixed at 0.5
by weight.
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Figure6. Staticpressure affected by jet anglesand fan inlet diameters.
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axeve length.

material at the 1.5 kg/sec-m feed rate
avoided grain piling up at this jet angle.

When the 305-mm fan inlet was used

(air flow rate 1.9 m3/sec), the grain loss at
20° angle was greatly reduced. With the
same fan inlet diameter, the grain piled up
on the sieve seriously for the 25° to 50°
angles. The sieve could not function at
these situations.

Comparing the above results, the best
separation for the different fan inlets tested
are shown in Table III. The loss curves of

these conditions are presented in Fig 9.
The MOG content in the grain collected

from the first three boxes increased with

the increase of the jet angle and the de
crease of the fan inlet diameter; but the
variation was small and of no practical sig
nificance for a pre-cleaner.

The most efficient separation with low
grain loss and low MOG content occurred
at a jet angle of 40° with a 330-mm-di-
ameter fan inlet. This agreed with the the
oretical hypothesis. The efficient separa
tion also occurred at jet angles of 20° and
30° with a 305-mm- and a 330-mm-di-
ameter fan inlet, respectively. At these jet

Figure 7. Air velocity distribution along the sieve with fan inlet diameter of 330 mm (measured
inside sieve jets).

RESULTS AND DISCUSSION
Measurement indicated that the air flow

rate was about 1.9 m3/sec for the 305-mm
fan inlet diameter, about 2.1 m3/sec for
330-mm fan inlet diameter, and about 2.3
m3/sec for the 355-mm fan inlet diameter.

The curves presented in Figs. 6 and 7
showthatwhenthejet angleincreased,the
static pressure beneath the sieve and the
air velocity inside the jets decreased, and
vice versa.

Under the experimental conditions, the
air flow traveled upwardly through the
channels built inside the air chamber to the
multiple-air-jet sieve and then was forced
to travel in the direction of the sieve jets
(Fig 8). The directions of the air stream
over the sieve were assumed to be the same
as the jet angles. This assumption was
proven by rotating the hot wire probe of
an air velocity meter in the air stream. The
maximum reading was always obtained
when the window face of the probe was
normal to the jet angle.

Thepercent grain loss with different jet
angles and fan inlet diameters are shown
in Table II.

The best results with a fan inlet diam
eter of 355 mm (air flow rate 2.3 m3/sec)
seemed to be around40-50° anglesat low
feed rates. At a feed rateof 2.5 kg/sec-m
the grain losses were high for all of the
angles tested.

Reducing air flow rateto 2.1 m3/sec by
using a smaller fan inlet diameter (330
mm) decreased the grain loss consider
ably. A good separation was obtained at
30° and 40° angles for all the feed rates
tested. At25°, theresults were quite good
for feed rates of 1.5kg/sec-m and 2.0kg/

sec-m. At 50° the grain was observed to
stagnate on the sieve surface during the
separation. Only a very even feeding of

Mult1plfi-Atr-Jet Slevft

Figure 8. Schematic diagram of air flow in the chamber.

TABLE II. PERCENT GRAIN LOSSt AFFECTED
DIAMETERS

BY JET ANGLES AND FAN INLET

Feed Fan

inlet

(mm)

Jet Angle

(kg/sec-m) 20° 25° 30° 40° 50°

2.5 355

330

305

1.64

1.21

0.40

Grain loss (%)
1.37

0.70

1.23

0.52

0.93

0.38

0.80

2.0 355

330

305

1.36

0.96

0.28

1.33

0.51

0.88

0.29

0.44

0.31

0.56

1.5 355

330

305

1.10

0.78

0.23

1.12

0.42

0.63

0.27

0.34

0.22

0.31

tAs a mean value of repeatedtests.
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Figure9. Selected jet angles for eachfan inletdiameter for the best separation.

TABLE HI. SELECTED JET ANGLES FOR EACH FAN INLET DIAMETER FOR THE BEST
SEPARATION

Fan inlet diameter (mm) Air velocity (m/sec) Jet angle

305

330

330

355

8.7

7.6

7.2

6.4

20°

30°

40°

50°

angles and up to a feed rate of 2.5 kg/
sec-m, the material mixture was dispersed
as soon as it entered the air stream over

the sieve. The grain was observed to be
fluidized and flowed gently into the col
lecting container as the straw and chaff
were blown out, resulting in good sepa
rationof the grain from the straw and chaff
with a low percent of grain loss.

An interesting phenomenon was ob
served here. Though the air velocity when
using a 20° angle with a fan inlet of 305
mm was higher than many other cases
(e.g. a 35°angle with a 330-mmfan inlet,
or a 30° or 40° angle with a 355-mm fan
inlet), the percent grain loss was lower
than in those other cases. Results show
thatthe grain loss is not only relatedto the
resultant air velocity, but must be a quan
tity related to the air directions and, con
sequently,to jet angles. On the otherhand,
the change in air directionmainly changed
the horizontal and vertical component ve
locities. In order to study the influence of
the vertical and horizontal air velocities,
respectively, the resultant velocity inside
the sieve jets was resolved into two com
ponents: the verticalvelocity and the hor
izontal velocity. Denoting the grain loss
as y, two linear regression models are set
under the normal assumptions:

Model 1: Y = a0 + a, X

Model 2: Y = b0 + bxXx + b2X2

whereX represents the resultant air veloc
ity insidethe sievejets, andXx andX2 rep
resent the vertical and horizontal compo
nent air velocities respectively. A Statistic
Analysis System (SAS) program wasused
to conduct the regression. The results ob
tained from the computer output are:

Model 1: f = -1.1578 + 0.2240X (12)

Model 2: Y = - 4.4899 +. 0.6868 X, +
0.3426 X2 (13)

The F-test showed both models to be
significant at the 95% confidence level.
The multiple correlation coefficient R-
Square, which is equal to 52.06% in
Model 1, was significantly improved in
Model 2, where it equalled 76.77%,
meaning that grain loss Yis more closely
correlated with the linear combination of
the two componentair velocitiesthan with
the resultant air velocity alone. If the jet
angleremains the same, an increase in air
flow rate will result in an increase in re
sultant air velocity X. Since the compo
nent air velocity Xx = X Sin (3 and X2 =
X Cos P, the Xx and X2 will increase si
multaneously. The increasein air velocity

will cause grain loss increase. This is sim
ilar to the results in the third step of the
theoretical study and can be seen from
both models. If the resultant air velocity
is kept the same and the jet angle in
creases, the component air velocityXx will
increase and X2 will decrease; hence, the
grainloss willdependon the magnitude of
change in each componentvelocity. This
has been hypothesized in step one of the
theoretical work from Figs. 1 and 2. The
regression Model 2 took this into account
but Model 1 did not. Thus, we may con
clude that the regression Model 2 better
explains the grain loss. As can be seen
from Model 2, if the vertical air velocity
increases, the horizontal air velocity needs
to be reduced to meet the same grain loss
requirement, and vice versa. This agrees
with the work done by Harrison (1969) and
Rumble and Lee (1970).

CONCLUSIONS
The grain loss decreasedas the fan inlet

diameter decreased or as the sieve jet an
gleincreased. However, higherangles and
smaller fan inlet diameters are liable to
cause the grain to pile up on the sieve sur
face.

Both theoretical and experimental re
sults showed that the grain loss was de
pendent uponthe velocity anddirection of
the air stream over the multiple-air-jet
sieve. The regression analysis indicated
that the grain loss is related to the linear
combination of the horizontal and vertical
component airvelocities. Whenoneof the
component air velocities increased, the
other needed to be reduced to maintain the
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same separation efficiency. By properly
selecting the airvelocities, a low grain loss
can be obtained for the tested angles. From
the experimental results, the grain losses
for jet angles of 20°, 30° and 40° with air
velocities of 8.7, 7.6 and 7.2 m/sec, re
spectively, were not greater than 0.5%,
which was considered satisfactory for a
pre-cleaner. The most efficient separation
was obtained at 40°.

Since the device removed a large por
tion of MOG (80% and up) from the ma
terial mixture in every test conducted, the
MOG content in the output grain was not
considered as an important evaluation cri
terion. In general, it is possible to greatly
reduce the MOG content while maintain

ing an acceptable grain loss for a combine
cleaning system by aerodynamically
transporting the threshed wheat material.
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