Power Requirement Model for Combine Cylinders
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Introduction

Combine cylinders consume the major part of
the total power used to harvest grain. Measure-
ments reported by Burrough (1954), Arnold
and Lake percent of the total power required by
the harvester. These data were collected before
axial-flow combines were developed. With the
axial-flow design, an even higher percentage of
the total power should be due to the cylinder
(rotor). Understanding the power consumption
by the cylinder is, thus, a key to understanding
total power requirements of a combine.

It is usually not economical to harvest all
grain. The cost to thresh and separate the last
small fraction of grain in the straw is usually
greater than the value of the grain. Optimum
harvest occurs when the value of grain harves-

ted is larger than or equal to the cost to power
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and operate the machine. Obviously, improve-
ment in modeling power consumption can lead
to more optimum harvester design and opera-
tion.

Only limited work has been published on ma-
thematical functions to describe power consum-
ption. Dodds (1968) reported that power requi-
rement is a linear function of feed rate ; howe-
ver, some of the data collected by Arnold and
Lake (1964) disagree with this relationship and
indicate that power consumption can vary with
feed rate squared for certain conditions. Arnold
and Lake (1964) found that closed concaves co-
nsume more power than concaves with open
grates. Power consumption also varies with co-
ncave length (Arnold and Lake, 1964). The ob-
jective of this paper is to develop a function to
predict power consumption in combine cylin-

ders as a function of the many variables that af-
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fect the system. The equation should also reso-
lve the contradiction between the results of Do-
dds (1968) and Arnold and Lake (1964).

Model Development

The power, P, required by the threshing
drum can be expressed as the summation of po-
wer to operate a machine with no material (P,)

and power to process material, py,

The power to operate the machine with no
material may vary with size and design of the
machine, but it should be a constant or nearly
a constant for a given machine. The power re-
quired to process material will vary with many
variables and will be evaluated with three sche-

mes.
Power to Process-Scheme 1

Work or energy can be expressed as pressure
times a change in volume.
Power is energy per time. Power can, therefore,
be expressed as pressure times the volume flow
rate of material. Volume flow rate can be expre-
ssed as feed rate divided by material density
(straw-grain particle density), which results in

the following equation for power to process -

where P.=pressure on material in machine,
p =density of material in machine, and

F.=feed rate of material.

Equation 2 explains the data for power consum-
ption reported by Kepner et al. (1982) for hay

balers and provides insight to how certain va-
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riables will affect power consumption in combi-
nes. First, if pressure and density remain cons-
tant, then power consumption varies as a linear
function of feed rate, which matches the results
of Dodds (1968) and Arnold and Lake (1964)
for constant material thickness. If material thic-
kness is doubled, the pressure in the system
should double. This relationship explains the
results obtained by Arnold and Lake (1964)
when feed rate was increased by increasing ma-
terial thickness on a conveyor with constant
speed. For this condition, data from Arnold and
Lake (1964) followed the relationship that po-
wer varies with the square of feed rate.
Changing concave clearance should have the
same effect as changing material thickness. Re-
ducing concave clearance should increase pres-
sure and increase power consumption. From
this analysis, it can be concluded that the ratio
of material thickness to concave clearance is an
important dimensinoless variable. It can also be
concluded that a final power equation should

have the following form :

P,=A, (TW/C) T, weeerreeeeevnncnssnnonnnns

where A;=a coefficient that may vary with

other variables not yet considered,
Ty=thickness of feed material, and

C=concave clearance.
Power to Process-Scheme 2

Work or energy can also be expressed as fo-
rce times distance. Force is mass times accele-

ration s therefore, work can be expressed as

we=(M a) L

where W,=work performed to process the ma-

terial,
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M=mass of material,

a= acceleration occurring in the sys-
tem, and

L= length over which work is perfor-

med (length of concave)

Power is work per time and feed rate is mass
per time. If both sides of equation 4 are divided
by time, the following equation for power to
process is obtained -

The linear relationship of feed rate in Equa-
tion 5 matches the linear relationship given in
Equation 3. One additional variable is obtai-
ned ; power also varies with concave length.
Equations 3 and 5 can be combined to obtain

P,=A: L (Th/C) F, rooeeeerereeenennnnnan,
where A;=a coefficient that, like A; may vary
with other variables not yet considered.

Power to Process-Scheme 3

Power can also be expressed as force times
velocity. With this relationship, power can be
expressed as the product of impact force made
by the cylinder on the material times the velo-
city of the cylinder.

P,=

where F;=impact force for a given material and
constant feed rate, and
V  =linear velocity of cylinder.
The velocity, V, can be expressed as the product
of cylinder circumference and angular velo-

city ; therefore,

The impact force only applies on the fraction of
the cylinder in contact with the concave and the

power must be multiplied by this fraction :

Pp=Fi n D W(L/(TID)) ..................... (9)
Equation 9 reduces to
Pp: (Fl W) Locvevreerenrvmmminiin. (10)

The impact force can be replaced with the force
per cylinder bar, F, times the number of bars N
per revolution times revolutions per time, W, ti-
mes time, T, required for material to pass th-

rough the system -

P,= (Fb N W2 T) L rrrereerernarenecnenas

The force per bar can also be expressed as the
mass encountered per impact times the local
acceleration -

P,=(M aL L N W2 T) L-eereeeennennns
If the right side is multiplied and divided by
time in the system the following is obtained :

Pp:(M/T aL N W2 T2) L ceeeerennnnens

The M/T term is proportional to feed rate :
therefore

szAaa]_TzNszFr ..................

where As=a coefficient. If the linear cylinder
speed is held constant but diameter of the cyli-
nder changed, W can be replaced with a cons-
tant C, divided by nD. This substitution results

in the following equation :
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P,=As a. T N(C/nA)PL F,weoeeeeeees
It will be shown in a later section that Arnold’s
data matches Equation 15.

A general power to process equation can be
obtained by superimposing Equations 6 and 14.
The final equation is

P,=A N(TwC) W* L F,

where As=a coefficient that incudes a; and T:
The final total power equation is
P=P,+A, N (T/C) WAL F,

a7n

Variable Feed Rate

Most combines have concaves with open gra-
tes. As grain is threshed and separated, the
mass flow or feed rate decreases. Because of
this process, cylinders with closed concaves ty-
pically require more power than cylinders with
open concaves. Obviously the true power equa-
tion for cylinders is a non-linear function of co-
ncave length. The actual feed rate varies with
the interaction of threshing and separation oc-
curring along the length.

In simulation models where the grain remo-
val from the straw is simulated as a function of
concave length, Equation 17 can be applied for
a small differential length of the concave. The
total power can be obtained with a summation
of power from all differential lengths.

The average internal feed rate also appears to

be proportional to machine feed rate for cross-

flow cylinders. Most cross-flow cylinders, for
example, separate 60 to 80 percent of the grain
from the straw. If the grain to straw ratio is
unity, the mass flow leaving the cylinder will
vary between (0.5+0.2%05) F, and (0.5+0.4
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*0.5) F;. If the average feed rate is the ave-
rage of incoming and outgoing mass flow, then
the average feed rate will vary between 0.80 F,
and 0.85 F.. Less than a 5 percent error will oc-
cur if a constant of 0.82 is used and internal
changes in feed rate are ignored Note, however,
that a closed concave would result in approxi-
mately a 22 percent (100%0.18/0.82) increase
in power. This amount closely matches the 25
percent reported by Arnold and Lake (1964).

Verification

Data from Arnold (1964) were used to verify
the derived equation. The cylinder periphefal
speed and the length of the concave used to col-
lect this data were held constant. Equation 15
was combined with Equation 1 and tested. For
the first evaluation, material thickness was con-
stant. The fit of the feed rate and cylinder dia-

meter relationship is shown in Figure 1. A com-

'Iparison of measured and predicted values of
mean power for constant stream thickness is
shown in Figure 2. An R? of 0.901 was obtained,

" which was significant at the 99.9% probability

level (alpha=0.001). This analysis provided
evidence that the feed rate and cylinder diame-
ter relationship in Equation 15 is valid.
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Figure 1. Relationship between feed rate at co-
nstant stream thickness and mean

power.
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Figure 2. Comparison of measured and predic-
ted values of mean power for constant

stream thickness.

When feed rate is increased by increasing
material thickness on a conveyor with constant
speed, the thickness of the material can be exp-
ressed as -

To=F./(pHtWarr V)
where p=bulk density of material,
W, =material contact width on the con-
cave surface, and
V =conveyor speed.

If the T, in Equation 16 is replaced with the ri-
ght side of Equation 18 and W is replaced with
C, divided by nD, the following power equation
is obtained.

P=P,+A; N (I/C) (Cy/nD)* F?

where As= a coefficient that incudes a,, T, p, Wa
and V.

The fit of Equation 19 with the data reported
by Arnold (1964) is shown in Figure 3. Also a
comparison of measured and predicted values

of mean power for the data of constant stream
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Figure 3. Relationship between feed rate at co-

nstant stream speed and mean power.

speed is shown in Figure 4. The derived func-
tion fit the measured data with an R? of 0.900
and had a value of 0.001 for alpha. The analysis
verified that power varies with the square of
feed rate when feed rate changes with thick-

ness.

Not all variables in Equation 17 were tested.
Three variables, F,, T, and D? through W? were
tested. All variables tested appear to be formu-
lated correctly in Equation 17. It is assumed
that the variables, N, C and L are also correct
and it is concluded that Equation 17 is a valid

power function to explain performance of com-
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Figure 4. Comparison of measured and predic-
ted values of mean power for constant

stream speed.



bine cylinders.
Summary

Because combine cylinders account for up to
80 percent of the power requirements to harvest
grain, it is important to have a reliable method
to predict and analyze power consumption. An
equation was derived to meet the prediction
needs. The equation contains the variables nu-
mber of bars on the cylinder, concave clearance,
concave length, thickness of the feed material,
feed rate, and cylinder speed. Indirectly, cylin-
der diameter was also considered. The derived
equation was verified to be a reliable function
for three of the variables and the equation was
judged to be a reliable power prediction equa-

tion.
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