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INTRODUCTION

The cutter bar of a mower, swather,
or combine is said to be askew when the
center line of the guards, in the plan
view, is not in the direction of travel.
For pull-type vehicles (mowers, swa-
thers, and combines), the cutter bar is
askew if its outer end lags behind the
inner. The lag is what commonly occurs
and is a function of the crop, the rolling
resistance, and the ground slope. The cut-
ter bar will be askew for self-propelled
and pull-type vehicles on turning, if the
turning center is not located on the axis
of the cutter bar.

The lateral motion of the guard, due
to the skew of the cutter bar, deflects
the stalks out of the vertical prior to
shearing, thus increasing the variation in
the stubble height. If the deflection is
large, the guards may be unable to pene-
trate the stalks satisfactorily. When this
occurs, the crop will not be cut and the
cutter bar may plug. For example, Harri-
son et al. (4) experienced plugging with
some pull-type mowers due to skew if
the crop density and the ground speed
exceeded specific values. For a pull-type
swather, Harrison and Reed (3) observed
that the crop would be cut satlsfactonly
even when the skew was 15°. For a
tractor-mounted swather, Harrison and
Reed (2) concluded that the minimum
turning radius that would permit
the crop to enter the guards was 22 ft
(6.7 m).

The objectives of this study were as
follows: to determine the relation be-
tween the deflection of stalk by a guard
and the cutter bar skew; to estimate the
maximum skew and stalk deflection that
would avoid plugging of the cutter bar;
and to determine the effect of some
design features of a mower, swather, or
combine, such as wheel location on the
cutter bar skew.
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MAXIMUM STALK ANGLES
AND DEFLECTION

A stalk that is deflected by the la-
teral motion of one guard may interfere
with the adjacent guard prior to being
cut, if the skew is large. The maximum
stalk angle for a mower guard should be
less than 70° to avoid the stalk dragging
on two guards simultaneously and,
therefore, to avoid the risk of plugging
(Figure 1). For a stalk angle of 80°, the
stalk may pass below the guards and not
be cut. For a swather or combine guard,
the max1mum stalk angle should be less
than 75°.

The stalk angle, 7, can be related to
the nominal stubble height, H, and the
deflection, D, (Figure 2a) by the elastic-
curve equation indicated by Seely (7),
which is

A +@y/dn)®) 3/

2 2 __
d"yldx” = EI/Px

1)
where P = concentrated load; I = area
moment of inertia of the stalk; and E =
modulus of elasticity of the stalk. Inte-
grating? equation (1)

dy/dx =x2\/lz/\/1 — kx* ()

where k = (P/2EI)®. If the nominal
stubble height, H, is large in comparison
with the depth of the guard, as it is for
a swather or combine, then the differ-
ence between H and /4 can be ignored.
Figure 2 shows that tan 7 = AD /Ah or
dy/dx. Substituting H for x and tan 7 for
dy/dx, equation (2) becomes

tanT=H2\/k//1 - kH*

Integrating equation (2) by first expand-
ing the binomial into an infinite series,
substituting D for y, and using zero and
H for the integration limits, equation (2)

(3)

2 Equation (1) and the subsequent integra-
tions are simplified for normal beam deflec-
tion because dy/dx is considered to be
negligible.

becomes

D=k[n3+1/2.5.n_ 1/2.3/2.
=3 17

Figure 1. Cross section of mower guards (fop
group), swather/combine guards (bot-
tom group), and stalk interference.
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Figure 2. Stalk deflection without failure (a)
and with failure (b).
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TABLE1 CUTTER BAR DATA

Mower Swather/Combine
Stalk angle (7) 65° 70°
Stubble height (inches) 1-1/2 2 2-1/2 6 8 10
Stalk deflection (inches) 1.3 2.4 3.5 2.1 2.9 3.6
Skew (0) (degrees) 14 26 33 28 34 38

The deflection, D, was calculated for
two ranges of nominal stubble heights
by assuming that 7 was 65° for the
mower and 70° for the swather and
combine. The value of k was determined
from equation (3) and subsequently
used to determine D from equation (4).
Though it was not necessary to deter-
mine P, nor estimate E or I, the values
of k for the small stubble heights of a
mower (1-1/2 — 2-1/2 inches or 38 — 63
mm) were such that the magnitude of P
would cause the stalk to fail; that is, the
slope of the stalk at the fixed end
would not be zero and equations (3)
and (4) would not apply. In view of
this, the stalk deflections for the
mowers were determined using a relation
suggested by Figures 1 and 2, which is

)

where h = the difference between the
nominal stubble height, H, and the depth
of the guard. The depth of a mower
guard is about 7/8 of an inch (22 mm).
The stalk deflections for the mower and
swather/combine are given in Table L.

D=htanT .

MAXIMUM SKEW

The graphical relation between the
cutter bar or guard skew and the deflec-
tion of the stalk is noted in Figure 3.
The dimensions of the guards illustrated
are typical values (1). If a stalk engages
the guard at M, and if there is no fric-
tion, the stalk will be deflected at right
angles to the surface of the guard along
MO. Friction, however, will cause the
stalk to be deflected along the line MN.
The angle between MO and MN is the
friction angle, ¢, where tan ¢ is equal to
the coefficient of friction. If the maxi-
mum deflection of the stalk, D, is equal
to MN, then the direction of travel of
the guard must be parallel to the line
PN for the stalk and the corner of the
ledger plate, where the stalk can be
sheared, to coincide. The relation be-
tween the stalk deflection and the skew,
0,is

D sin(@+o

D _smwt@® . . (6
MP sin(90 —-¢—-0 -0 ()

According to Kepner (5), Bosoi suggests

that the friction angle, ¢, for smooth-edg-
ed knives, which approximates the guard
surface, is 17°. The angle, 0, is approxi-
mately 10° (Figure 3) for either the
mower or swather/combine. Though MP
is equal to a/cos 0, MP can be assumed
to be equal to a because o is small. Sub-
stituting in equation (6)

D_sin@+10)
a sin(63-0)

tan 6 = (D gin 63° — a sin 10°)/(a cos 10° 4
D cos 63) . N ()
Using this relation, the skews were

calculated for the two ranges of stubble
heights (mower and swather/combine)
(Table I). As expected, the 15° skew
observed by Harrison and Reed (3) for a
pull-type swather is less than the smal-
lest value obtained for the swather/
combine. It is useful to note that raising
the cutter bar should lessen the risk of
plugging due to cutter bar skew.

PULL-TYPE VEHICLE SKEW

In the free-body diagram of a pull-
type swather (Figure 4), P’ is the cutter
bar/crop reaction, which is a function of
P in equations (1) to (3); F is a force
that is a function of the weight of the
swather and the ground slope (F may
have a lateral component if the ground
has a side slope); R is the rolling resis-
tance of the wheels in the plane of
travel; Ry is the lateral soil reaction of
the wheels (at right angles to the plane
of travel); and Pj and Py are the tractor
drawbar action forces.

The summation of the moments
about the hitch point (x; is small and
can be ignored) is

(8)

It is the lateral soil reactions of the
wheels that minimize the skew. As
these reactions are zero for zero
skew, it follows that for P’ or F greater
than zero, or both, the swather must
skew. P’ can be significant even for the
relatively small cutting width of a
mower because P is large for small
stubble heights. In a soft soil, the rolling
resistance will be large and, for the right
wheel, in the same direction as P’ and F;

P'x¢c + Fxg+ Rypxr =Rgpyy +Rgyr -
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that is, the skew is also a function of
the wheel sinkage. Also, if the guards
experience some difficulty penetrating
the crop, because of the cutter bar
skew, the value of P’ will be large,
which will add to the skew, which in
turn, will increase the difficulty of the
guards penetrating the crop and plugging
will occur.

l-€/2

—ie/2
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Figure 3. Cutter bar skew for mower guards
(top pair) and swather/combine
guards (bottom pair).
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Figure 5. Cutter bar skew on turning for self-propelled swather.

The most effective ways to minimize
the skew are not easy to implement.
One of these is to “toe-out” the wheels
(to the right in Figure 4) so that the
wheel skew is larger than the cutter bar
skew. According to Phillips (6), there is a
maximum lateral soil/wheel reaction in
the horizontal plane that occurs for a
wheel skew much less than 45° and that
the rolling resistance is also a function of
the wheel skew; that is, a wheel skew
beyond a specific angle will increase the
cutter bar skew and not reduce it.

Another way to minimize the skew is
to install a linkage between the tractor
drawbar and vehicle, which would intro-
duce a counter-clockwise moment. Such
a linkage was available from one swather
manufacture (3). A third way would be
to lengthen the hitch frame of the
swather to increase the dimensions of y,
and yj (Figure 4). It is complicated by

103

the necessity of lengthening the PTO
drive shaft as well. One manufacturer,
who has recently introduced a very wide
swather, has adopted still another way,
which is to “power” the outside wheel.
This provision is complicated by the
difficulty of matching the peripheral
speed of the wheel with the ground
speed of the tractor. Minimizing the
skew by the various mechanisms listed
above are not practical modifications for
the user. Some relief, however, may be
obtained by increasing the weight of the
implement if the skew is mainly due to
the crop/cutter bar reaction.

Phillips (6) states that the soil/wheel
reactions in the horizontal plane are a
function of the vertical soil/wheel re-
action as well as the skew. Filling the
vehicle tires with a calcium chloride
solution is one way of increasing the
vertical soil/wheel reaction. Such a

remedy was used by Harrison et al.
(4) for one make of a pull-type mower.
It may be necessary to avoid loading the
right tire in a soft soil as this increases
the rolling resistance, which may in-
crease the skew instead of reducing it.

VEHICLE SKEW ON TURNING

Cutter bar skew can occur for a self-
propelled swather while turning (Figure
5). In this instance, the skew is not uni-
form from one end of the cutter bar to
the other. From Figure 5 the relation
between the skew at the center of the
table, 0, and the turning radius is

turning radius = (y/tan 0) — x )

where x = the distance between the
center of the table and the wheel; and y
= the displacement of the wheel axis
from the cutter bar axis. If the skew of
the right or left end of the table (6,, 6))
is to be used then the value of x would be
different.

It is evident from equation (9) that if
the turning center is not on the cutter
bar axis (¥ > 0) then the minimum turn-
ing radius, which can be negative, can-
not be used (Figure 5). A negative
turning radius occurs when the direction
of rotation of one wheel is opposite to
the other, and as a result, the turning
center is located between the two
wheels.

As noted previously, the minimum
turning radius required to avoid guard
and stalk interference for a tractor-
mounted swather (2) was approximately
22 ft (6.7 m). This radius can be com-
pared with the radii given in Table II,
which were calculated using equation (9)
and the skews in Table I. For the 8-inch
(203-mm) stubble height, there is a
reasonable agreement between the calcu-
lated values and that observed. It is not
possible to be more explicit, as Harrison
and Reed (2) did not specify the stubble
height in their observation.

To circumvent obstacles in the field,
the turning center must lie to the right
or left of the table (or vehicle) on the
wheel axis. If the skew is not to extend
the values in Table II, then there is a
maximum displacement of the wheel
axis from the cutter bar axis, which in
turn is dependent on the size of the
obstacle. This can be seen from Figure 5
or by rearranging equation (9).

¥ = (turning radius + x) tan 0 or,
y=w+r)tan0 . . . (10)

where w = the distance between the
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TABLEIl MINIMUM TURNING RADI
FOR A TRACTOR-MOUNTED

SWATHER

@ = 16 ft, x(lefr) = 3 ft, and x(right) =1 ft)

Stubble height (inches) 6 8 10

0 (degrees) 28 34 38
y/tan 0 (ft) 30 24 20
Left-turn radii (ft) 27 21 17
Right-turn radii (ft) 29 23 19

TABLEIII CUTTER BAR AND WHEEL
AXES DISPLACEMENT
Axes displacement
Cutting
circle  Cutting
radius  height 12-ft 16-ft
(ft) (inches) table table
6 4.2 5.3
2 8 5.4 6.8
10 6.2 7.8
6 6.4 7.4
6 8 8.1 9.4
10 9.4 10.9

table center and the outer limits of the
vehicle and that is normally half the table
width for a self-propelled vehicle; r = the
radius of a cutting circle around the ob-
stacle, which is the radius of the obstacle
plus the clearance between the obstacle
and vehicle or table. The maximum dis-
placements of the axes for self-propelled
vehicles are given in Table III for some
combinations of table widths, cutting
heights, and cutting circle radii (r) using
the skews in Table I. These displacements
may be compared with the dimension y,
which is the sum of the platform depth,
the wheel radius, and the clearance be-
tween the wheel and the platform. This
dimension is about 5 ft (1.5 m) for
self-propelled swathers and about 6-1/2 ft
(2.0 m) for combines. The required dis-

placements are less than the usual dimen-
sions of y, where the table width, cutting
circle, and cutting height are small.

It is necessary to make a distinction
between turning of a vehicle to circum-
vent an obstacle, such as a tree, and the
manoeuver that is normally executed at
a corner of the field. In the latter in-
stance, the turning radius of the swather
or mower for most of the manoeuver is
less than zero. The turning radius is
partly dictated by the necessity of loca-
ting the swath or windrow for sub-
sequent operations and that is not a
restriction on the combine. The operator
of a swather or mower can begin to
execute the turning manoeuver prior to
the cutter bar emerging from the crop.
Though cutting proceeds during the turn,
it is limited to the outside end of the
cutter bar where the skew is minimum
(0; < 0). The operator of a self-propelled
swather can choose to delay the execu-
tion of the manoeuver until the cutter
bar has emerged because he can reverse
both or either traction wheel with rela-
tive ease. The skew has no significance
in this instance as there is no crop to
cut. A rigorous analysis would be com-
plex, and because it is of limited value,
has not been attempted. It is sufficient
to note that the need to reverse both
wheels is a function of the displacement
of the cutter bar/wheel axes. For the
tractor-mounted swather, noted previ-
ously (2), reversal was required and for
a tractor with a standard transmission,
time consuming. Reversal may also be
required for a combine if an attempt is
made to use it for a swather.

SUMMARY AND CONCLUSIONS

The deflection of stalks by the guards
of a mower, swather, and combine is a
function of the cutter bar skew. The
deflection and skew are determined by
the inability of the stalks to penetrate
the guards of the cutter bar. The skew,

in turn, is defined by the soil and crop
reactions for pull-type mowers and
swathers. The skew may be reduced by
a number of design alternatives but the
simplest is to increase the vertical soil/
wheel reaction. For both self-propelled
and pull-type vehicles, the skew is a
function of the turning geometry. In
this regard, tractor-mounted swathers are
unsatisfactory, and to an extent the use
of a combine as a swather as well,
because the driving wheel axis cannot be
located close enough to the cutter bar
axis.
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