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ABSTRACT�

Rotary disc mowers are capable of much higher throughput than traditional mowers, and as a 

result have much higher power demands.  With the recent increasing popularity of rotary 

mowers and the ever-increasing size of high-capacity forage and haying equipment, 

manufacturers are offering larger mowers with higher power demands.  A disc mower cutterbar 

requires a significant amount of the total implement power, and little research has been 

performed relating to the study of power requirements and material movement.  The objectives 

of this research were to develop a means of measuring cutterbar power requirements and 

material flow, and to perform a statistical design of the mower in operation.  Using these results, 

it may be possible to offer insight into changes that could be considered in the design of rotary 

mower cutterbars. 

 

Two types of experiments were performed on a prototype disc mower.  Both experiments were 

performed in both alfalfa and light grass, at three different ground speeds, and at three different 

disc rotational velocities.  The first experiment consisted of measuring the power requirements 

and specific energy of three individual discs on the prototype cutterbar.  The rotational direction 

of the three adjacent discs investigated produce converging and diverging cutting zones.  

Measurements were made by means of instrumented drive hubs, each with individual onboard 

data acquisition systems.  Average power measurements recorded by each instrumented hub 

were found to be approximately 2.45 and 3.31 kW for alfalfa and grass, respectively.  Likewise, 

average specific energy measurements for alfalfa and grass ranged from 1.83 to 5.74 kW·h/t, 

respectively.  The second experiment involved the optical flow field calculation from high-speed 

videos captured of the cutterbar in operation.  A phase-based optical flow algorithm was applied 

to videos captured to study material flow across the cutterbar.   

 

An analytical model and two regression models were developed to describe and predict the 

cutterbar specific energy at the converging and diverging zones.  The analytical model was 

based on the cutting and transport processes as performed by the rotating discs, as well as the 

zero-load power.  The model included the results of the averaged material flow vector angles.  

The regression models were fitted to the experimental specific energy results as a function of the 

different combinations of effects in the experimental design.  All three models, which were 

produced for both the converging and diverging cutting zones, were found with coefficient of 

determination values between 0.79 and 0.96. 
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1. INTRODUCTION 

Throughout Canada, more than 26 million hectares of land are devoted annually for livestock 

grazing and forage production.  In total, it is estimated that around 40 per cent of Canada's total 

farm area is allocated for grazing and growing forage crops. (Lalonde, 2003).  Forages, also 

known as hay, can include alfalfa, clover, sorghum, bromegrass, Canada wild rye, native 

grasses, and cereal grains.  Forages in Canada are harvested from May to October, depending on 

the region and species being harvested.  It is allowed to dry under natural sunlight and wind 

conditions.  Because the digestibility of most forage crops reaches its peak for such a short 

period, the optimum time for cutting is brief (Tuck et al., 1980).  Consequently, high-production 

forage harvesting equipment is an important factor in a successful harvest. 

 

Common forage harvesting systems usually include a type of mower, and generally incorporate 

a forage conditioning system.  Mowers can use either a sickle-bar cutting system, or a rotary 

cutterbar.  Rotary cutting of forage crops was first introduced in Europe in the 1970’s; however, 

the technology was only recently adopted by large-acreage farmers in western North America.   

Self-propelled windrowers still primarily use sickle cutterbars, but the advantages of disc 

cutterbars are slowly making them more popular.  Over 25% of the windrower market is now 

based on disc cutterbar technology (Shinners, 2002). 

 

Different manufactures offer a variety of disc mower designs which include various 

arrangements of disc rotational directions, disc shape and size, and rotational speed.  The 

relative rotational direction of adjacent discs on the cutterbar determines where the majority of 

the material crosses the cutterbar before entering the conditioning system.  These areas of 

material transport are referred to as flow streams.  Optimal use of the conditioning system 

requires that a uniform distribution of material is delivered over the entire width of the 

conditioner.  To promote optimal use of the condition system, material may be distributed across 

the width of the conditioner by using sets of discs which have converging and diverging 

rotations in the cutting zones. 
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Rotary disc mowers are capable of much higher throughputs than their counterpart sickle-

mowers, which make them ideal for large operations.  Modern pull-type rotary mower PTO 

power requirements can be as high as approximately 130 PTO hp (96 kW) for cutting widths 

which can be as wide as approximately 6m (Gehl Company, 2004).  Most rotary mowers, such 

as the one under investigation, commonly incorporate a conditioning system which is intended 

to increase material drying rate.  With the increasing size and capacity of modern rotary mowers, 

power requirements also increase.  The rotary mower cutterbar represents a large part of the 

overall mower power requirements.  Studying the parameters affecting the power requirements 

and material flow characteristics under different conditions across the cutterbar may suggest 

changes as to increase the cutterbar efficiency.  Investigating the cutterbar performance in both 

the converging and diverging cutting zones may give insight to changes made in design.  The 

quality of material is also affected by material flow characteristics over the cutterbar.  By 

studying and modeling the operation and power requirements, it will be possible to describe and 

predict power requirements under different operational conditions. 

 

  



3 

   

 

2. LITERATURE REVIEW AND BACKGROUND 

2.1 Rotary disc mowers 

Rotary disc mowers can be classified into two groups: upper-drive and lower-drive.  Lower-

drive mowers, such as the one under study, are more common than upper-drive mowers 

(pertaining to drum mowers).  A lower-drive mower cutterbar is composed of a drive system 

running beneath the discs, allowing an unobstructed passage above the rotating discs for 

material flow.  Rotary mower cutterbars commonly use a long, thin train of gears to drive a 

series of discs through an oil-bath gear case.  The discs, which spin at very high speeds, carry 

two blades each for cutting crop from the ground while advancing in the forward direction.  In 

order to prevent the knives against damage from field obstructions, they are connected to the 

disc on a hinge that allows the blade to swing away upon contact.  Most disc mowers have 

elliptically-shaped discs (placed at right angles) allowing cutting perimeters to overlap while 

avoiding collisions between blades.  Angular position synchronization is ensured by the gear 

drivetrain between each disc.  Figure 2.1 illustrates a section of a rotary mower cutterbar. 

 

Figure 2.1: Rotary mower cutterbar (Courtesy of MacDon Industries Inc.) 
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The cutterbar on a rotary disc mower serves a number of functions.  Most importantly, the rotary 

mower cutterbar is intended to provide a means of cutting the standing forage material.  Once 

the material is cut it must be removed from the cutting zone and transported to the conditioning 

system from where it will exit the machine.  Transport of material across the cutterbar is 

performed by the lifting action of the discs and blades and the flow of incoming material.  The 

ribbed shape of the top of the disc is critical to move cut material across the cutterbar, 

effectively clearing material away from the cutting zone.  Crop conditioners, which consist of 

either a set of intermeshing rolls used to either flatten or break the stems, or a single upward and 

rearward turning rotor designed to abrade the waxy coating on the plant stem, are used to 

increase the drying rate of the crop.  This process allows for faster drying so the material can be 

removed from the field as quickly as possible to avoid weather damage.  

 

Rotary mowers have been found to have as much as double the power demands of conventional 

mowers (Shinners, 2002).  Bosoi et al. (1991) suggest differences in power requirements can be 

as high as five times greater than for a standard mower.  Other disadvantages are the higher 

stubble losses due to repeated cutting of plant material, and faster blunting of blades which 

results in knife edges tearing the stalks and damaging stubble, the latter of which has 

unfavourable effects of reducing the grass yield during subsequent crops.  The unevenly-cut 

appearance of a field left by the disc mower compared to that of a sickle mower is not preferred 

by some producers; however, this is more of an aesthetical disadvantage rather than a practical 

one.   

 

The main advantage of rotary cutterbar technology is the increased productivity.  They perform 

more dependably where forage is lodged or in thick grass stands and can be operated at higher 

mowing speeds.  Rotary mowers are capable of operational speeds as high as 22 km/hr, 

compared to sickle bar mowers, which are limited to maximum speeds of approximately 10 

km/hr.  Operational ground speeds higher than these “critical velocities” have been found to 

reduce cutting performance.  Field obstacles, such as gopher mounds and ant hills which would 

cause problems with a sickle bar mower, have little effect on the robust design of rotary 

mowers.   
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2.2 Impact cutting of grass and alfalfa 

The cutting of agricultural materials is one of the most frequent operations in agricultural 

mechanization, and is applied nearly in all harvesting operations which require the separation of 

plant components.  During cutting, a knife edge penetrates into the material, overcoming its 

strength and thereby separating it.  During this operation, various deformations occur in the 

material, depending on the cutting tool shape and the kinematics of the process.  Sitkei (1986) 

suggests four primary types of cutting of agricultural materials, as illustrated in Figure 2.2. 

 

Figure 2.2: Various forms of cutting include (a) cutting using counter-rotating blades, (b) 

cutting by means of a counter-shear and a moving blade, (c) cutting of thin layers, and (d) 

free cutting (Sitkei, 1986). 

 

Free cutting occurs when one end of a relatively long stalk is fixed and counter-support is 

ensured by the moment of inertia of the stalk.  Conventional sickle bar mowers operate on the 

principle of shear cutting, where a blunt mechanical support provides a counter-shear for the 

cutting tool (as illustrated in type “b”).  Mowers of this type use maximum knife speeds of 3 to 4 

m/s (O’Dogherty, 1986), much lower than that of an impact cutting system.  Rotary disc 

mowers, however, do not use a counter-shear as they use only the plant material inertia and the 

bending resistance of the stalk as a support.  Free cutting is possible only if a reaction force 

corresponding to the maximum cutting force arises in the material.  This reaction force is 

composed of two parts: 

• the mass inertia (resistance to acceleration) of the material being cut, and 

• the static reaction forces due to bending of the stalk and angular displacement of the 

cross-sectional area cut. 
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Persson (1987) suggested a model to describe the cutting forces on a plant stalk by means of 

impact cutting.  Figure 2.3 illustrates the mechanics involved with impact cutting the stalk of a 

standing plant as pertaining to the cutting model. 

 

 

Figure 2.3: Forces acting on plant stalk during impact cutting (Persson, 1987) 

 

 

According to Persson (1987), the forces acting on the plant stalk are found where: 

 Mb: the moment about the base of the stalk (N·m), 

Fc: average cutting force (N), 

 Fu: average bending force at deflection of stalk (N), 

 Z: height of cutting level above ground (m),   

H: the height of stalk center of gravity (m), 

m:  mass of stalk (kg), and 

vc: cutting tool velocity (m/s). 
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The moment of equilibrium can be written, using variables from Figure 2.3, where: 

� = 0bM
. 

(2.1) 

Therefore: 

0=⋅⋅−⋅−⋅ HamZFZF uC  
(2.2) 

and the cutting force Fc (N) may be calculated by: 
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Therefore, the acceleration is required for the inertia term, where: 

t

v
a c∆

=
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(2.4) 

This cutting model was used by Godeša (2004) to study the cutting of potato vines, with the 

adaptation of the following assumptions: 

• the duration of cutting is the time required for the knife to travel a distance equal to two 

stalk diameters, 

• the mass of the plant above the cut is accelerated uniformly to knife velocity, 

• the cutting force is constant during the cut, and 

• the bending resistance has a constant value during the cutting process. 

 

These assumptions suggest the cutting work WC (J) for a single stem is based on the assumption 

(Godeša, 2004) that the cutting force is uniform throughout the cut of the stalk diameter d, and is 

calculated as: 

dFW CC ⋅=
. 

(2.5) 

Using these assumptions and considering the initial stem velocity is zero, equation 2.4 may be 

simplified to:  
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(2.6) 

where d is the average stalk diameter (m).   

 

As suggested by Persson (1987), the average stalk bending force may be found on the 

assumption that bending occurs as on two supports at a distance of 2·Z apart, and the amount of 

deflection is equal to d/2.   Therefore the bending force may be calculated by: 



8 

   

3

5

64

3

Z

dE
Fu

⋅

⋅⋅⋅
=

π

, 

(2.7) 

where E is the modulus of elasticity. 

 

A similar model proposed by Bosoi et al. (1991) considers the resistance to bending and the 

inertia forces of the plant material as it is being cut, but also includes atmospheric resistance as 

the plant stalk is bent, and the resistance to stalk bending due to the effect of the neighbouring 

plants.  However, due to the complexity of calculating those additional terms, determining 

cutting forces is difficult.  Sitkei et al. (1986) proposed a model similar to that of Persson 

(1987), with the additional term of the tensile reactive force created as the stem is deflected.  

However, without knowing the cutting force from experiments, the balance of the forces 

involved cannot easily be solved.   

 

Free cutting is only possible if a reaction force equivalent to the maximum cutting force arises in 

the material.  Because inertia properties of the standing material play a crucial role in the 

successful cutting of the material, high cutting tool velocities are required.  In turn, this also 

means there will exist a critical (minimum) cutting velocity.  Critical cutting tool speeds in the 

range of 20-30 m/s were recommended by Sitkei et al. (1986) for most materials harvested by 

rotary mowers; however, it is suggested that cutting velocities applied in practice always exceed 

the critical value considerably to improve the quality of cutting.  Poor cutting was noticed at 

cutting velocities near the critical value, where stalks were broken or torn rather than being cut 

smoothly or perpendicular to the longitudinal axis of the stem.  Similarly, Bosoi et al. (1991) 

suggest critical cutting speeds of approximately 30 m/s.  However, in practical applications their 

research suggested higher cutting speeds, approaching that of approximately 60-80 m/s.  

Kanafojski et al. (1976) recommended impact cutting tool velocities in the range of 65-90 m/s.  

Disc mowers commonly available produced by major manufacturers have knife tip velocities 

ranging as high as 75 to 90 m/s (270 to 324 km/hr).  These high velocities are suitable for 

cutting most any forage material.  Reasons for variance in the determination of critical cutting 

speeds are due to the many factors affecting the process.  Other than cutting speed, factors 

affecting impact cutting were found to include material moisture content, stalk diameter, knife 

configuration, height of cut above ground, knife sharpness, crop type and density, and forward 

velocity of the cutting device (Nieuwenhof, 2003). 
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Experiments conducted by Sitkei et al. (1986) identify in detail the effect of cutting tool velocity 

on the required cutting forces, acting in both the vertical and horizontal planes.  The experiments 

were performed by impact-cutting sunflower stalks using cutting tool speeds ranging from 5 to 

30 m/s.  The tests concluded that over the range of cutting velocities, the cutting force decreased 

only slightly, but the horizontal force appearing at the cutting point (when cutting through a 

plant stalk which is standing vertically) decreases considerably.  The reduction in horizontal 

forces was due to the increase in mass inertia of material as the cutting tool velocity was 

increased (Sitkei, 1986).  This agrees with the impact cutting model as proposed by Persson 

(1987).  In addition to studying horizontal forces, these experiments also measured the vertical 

forces which act at the point of cutting as the knife lodges into the plant stalk.  Using a blade 

with a bevelled edge on its upper side (with respect to the ground to which the plant stem is 

attached), reaction forces were found which pressed the blade downward as the cut material was 

accelerated upward.  This effect increased with cutting speed. 

 

As knife speed increases, cutting power requirements can be expected to decrease. However, the 

increased amount of air resistance as well as the increase in acceleration resistance of the 

projected material will cause power requirements to increase with increased cutting velocity.  

When standing forage material becomes lodged, cutting power requirements and quality of the 

cut material may be dependent on the orientation of the crop.  When mowing inclined plants 

(where the mower’s direction of motion is the same as the inclination), not only may stubble 

height increase, but some of the cut plants do not have sufficient time to be removed from the 

cutting zone before the next successive knife passes and cuts the material again.  This leads to 

the shredding of the material which causes problems for raking and baling and also lower quality 

forage.  This repeated cutting also results in power losses (Kanafojski et al., 1976). 

 

Due to variability and non-isotropic nature of agricultural materials, material properties often 

vary greatly.  Galedar et al. (2008) determined the modulus of elasticity for alfalfa at a variety of 

moisture content levels.  The average value for the modulus of elasticity was found to decrease 

as moisture content increased, with a minimum value occurring at approximately 80% moisture 

content.  Modulus of elasticity was found to range from 0.79 to 3.99 GPa.  Evans et al. (2007) 

found the modulus of elasticity for a variety of grasses to range from 0.1 to 31 GPa (with a mean 

of 7.7 GPa).  Dunn et al. (1996) measured the modulus of elasticity to be 2.6 to 8.5 GPa for 

grasses. Plant population for grass (timothy) and alfalfa range from 650-1000 plants/m2 and 175-

550 plants/m2, respectively (Alberta Agriculture and Food, 2007). 
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2.3 High speed imaging 

High-speed imaging generally involves capturing still images or video at frame rates of that 

higher than conventional cameras.  High-speed imaging has found applications in many types of 

research including military, kinesiology, and biological studies, for example.  Recent 

developments in digital imaging have allowed the production of affordable high-speed imaging 

cameras which provide an alternative to conventional high-speed cameras (which use film).  

High-speed image videos, when captured in a digital format, allow numerous post-processing 

applications considering modern computational power.  Typically, a digital high-speed camera 

works similarly to conventional digital cameras, with the exception of the image sensor unit and 

the relatively high rates of data transfer.  Most digital cameras use either a charged-coupled 

device (CCD) or a complimentary metal-oxide semiconductor (CMOS) for the image sensor.  

These sensing elements are used to convert light into an electrical signal, which is then digitized.  

The number of elements contained within the sensor determines the resolution of the camera.   

 

A high speed video may be captured to study events occurring over time (such as the motion 

analysis of an object).  The frame rate of the video captured is dictated by the speed and the 

desired resolution of the object being studied.  To properly capture events occurring at high 

speeds, high frame rates are required.  Consequently, capturing images at high frame rates 

requires using shutter speeds (or shutter rates) higher than that of a conventional camera.  

Shutter speeds must be sufficiently fast to prevent blurring of the captured image when 

considering high-speed targets.  The lowest shutter speed possible is equal to the frame rate of 

the video captured, and the highest frame rate may be restricted by limitations of the camera or 

lighting. 

 

Previous attempts have been performed related to the study of high-speed imaging in the field of 

cutting of grasses.  Litherland et al. (1969) performed high-speed imaging analysis on a single 

blade rotary mower to study particle trajectories as a function of blade lift angles.  Top and rear 

video was captured at 64 fps using a conventional film-type camera.  The experiment concluded 

that the most important single parameter influencing particle trajectory was the blade lift angle.  

Forward velocity of the mower and initial particle position on the blade had little effect on the 

particle path or on the exit velocity of the material.  However, the type of mower used in this 

experiment is substantially different to the one in this study. 
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High-speed imaging experiments have also been performed (O’Dogherty, 1986) investigating 

the mechanics of cutting grass stems.  The efficiency of cutting was assessed by measuring the 

cutting force of stems supported in various manners, including free cutting and double shear 

configurations.  The cutting process showed a clearly defined critical speed, in a range of 15 to 

30 m/s for most shear-cutting applications; however, results for free cutting were not presented. 

 

2.4 Optical flow 

Optical flow is a relatively new method of analyzing particle and material flow using a sequence 

of images, only recently becoming practical due to progress made in the field of computational 

power.  It is similar to digital particle image velocimetry (DPIV), and often optical flow 

algorithms will be used together with DPIV.  Optical flow analysis is capable of producing 

vector fields by calculating the differences in image properties throughout a sequence of still 

images, which are decompiled from a video.   

 

Optical flow analysis involves gathering vector field information from a series of image 

sequences.  This is under the assumption that the light intensity of the object is conserved during 

its movement.  An approximate 2-dimensional vector map may be generated, which can be used 

to determine the visual flow of material (Barron et al., 1994).  There are a number of techniques 

that may be used to determine optical flow.  Baron et al. (1994) classified them into four 

categories: differential, correlation based, energy based, and phase based.  Classic methods of 

flow visualization (such as particle image velocimetry) rely on the use of tracer particles, 

assuming the particles will accurately follow the flow of material studied.  The optical flow 

method provides a new approach for analyzing material flow, and finds applications in a number 

of other fields of research.    

 

Digital images, such as the ones which were decompiled from the high-speed digital video, can 

be easily read and manipulated numerically.  Greyscale images, which are produced by “black 

and white” digital cameras, are composed of a data matrix of numerical values which represent 

each pixel.  The pixels are assigned a number depending on the digitized shade of grey that 

relates to that portion of the image.  For example, an image with 8-bit image depth will be 

composed of a matrix of values between 0 and 255.  Optical flow algorithms can be easily 

applied to these data matrices. 
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may be found.  The validity of the analysis is determined by the linearity of filter phase 

information over time.  Using an artificial neural network, the 2-dimensional vector field can be 

determined.   

 

Depending on the video being analyzed, the optical flow may fail to describe motion 

information.  For example, an area of the video which has a constant intensity may have motion, 

but it cannot be detected.  An example of this may be a series of images of a rotating sphere with 

no visible surface texture.  The object is rotating, but no apparent change in light intensity (and 

therefore no motion) is obvious.  Another example of this problem, referred to by Nesi et al. 

(1995) as the aperture challenge, is illustrated in Figure 2.5.  The figure illustrates the error in 

apparent motion of the moving set of vertical lines as a result of the viewing window.  The 

vertical lines are moving in the direction as indicated by arrow “A”; however, from the viewing 

window these lines appear to be moving as indicated by arrow “B”.   

 

Figure 2.5:  An example of the aperture challenge (adapted from Gautama et al., 2002). 

Motion in direction “A” is interpreted as motion in direction “B”. 

 

Experiments have been performed researching the viability of using optical flow techniques as a 

replacement for conventional particle image velocimetry methods (Quénot et al., 1998).  A 

custom optical flow algorithm was applied to a series of digital images (both synthetic images 

and captured images) from real experiments performed.  Results displayed a significant increase 

in the accuracy and resolution of the velocity field when using optical flow. 

 

Optical flow has been proven useful for numerous flow-study applications; however, no specific 

documentation could be found regarding the power requirements of a mower-conditioner 

cutterbar, nor could any information be found on high-speed imaging analysis of a mower 

cutterbar of this type.   

 

The phase-based optical flow algorithm is available at MATLAB Central, an open exchange 

community for MATLAB code (Mathworks, 2005).  
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Optical flow has been proven to be a viable means of navigation.  The Defence Advanced 

Research Projects Agency (DARPA) recognizes optical flow techniques as extremely valuable, 

especially when accompanied with some amount of direct position observation from external 

signals.  A monocular camera will typically capture visual information all the way to the horizon 

providing long-range terrain information and theoretically increase the vehicle’s top speed.  The 

DARPA Grand Challenge, a competition between autonomous off-road vehicles in the Mojave 

Desert, has triggered extensive interest in camera-based road following algorithms and 

navigation techniques (Lieb et al., 2005).  The first Grand Challenge was held in 2004, and 

another Grand Challenge event was held again in 2005.  In 2007 the DARPA Urban Challenge 

was held (a similar event where the vehicles were required to obey traffic laws and negotiate 

with other traffic).  Over the progression of these competitions, camera-based navigation 

techniques have undergone significant improvements in performance. 
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2.5 Power requirements of rotary disc mowers 

No published research has been found on the hub-specific power requirements or specific energy 

requirements for rotary mowers; however, some research focusing on the overall power 

requirements of cutterbars or similar equipment exist.  

 

2.5.1 Drum mower 

J. Šesák et al. (2002) performed experiments on a Maragon MD 5 drum mower-conditioner 

measuring the power requirements of the total disc mower, and that of the conditioning flails.  

This particular mower used 5 discs with a cutting width of 2.05 m.  Although blade tip speed 

was not reported, the disc speed was stated to have remained unchanged for each test performed.  

Experiments were performed with ground speeds ranging from 0.68 to 2.4 m/s with varying 

windrow-forming shield configurations.  Tests were performed in grass and alfalfa (lucerne) at 

1.80 and 1.53 kg/m2, respectively.  Moisture contents were measured at 28% and 32% (w.b.), 

respectively.  Torque and rotational velocity were measured on the tractor PTO (measuring the 

overall power requirements) and on the conditioning flail driveline (to measure the power 

requirements of the conditioner).  Data acquisition was performed using tape recordings on the 

analog signals.  Figure 2.7 illustrates the overall torque and angular velocity during cutting, as 

measured by the PTO torque transducer. 

 

Figure 2.7: Raw data of overall mower torque measured at the PTO (Šesák et al., 2002) 
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Overall specific energy requirements of the mower were calculated to be 0.699 and 0.727 kWh/t 

DM for grass and alfalfa, respectively.  No power requirements of only the cutterbar were stated; 

however, it is suggested that power requirements of the conditioner were linear with mass flow, 

and the power requirements of the rotary mower were non-linear with respect to throughput. 

 

2.5.2 Forage harvester 

Light et al. (1960) performed power measurements on a horizontal rotary-type forage harvester 

by instrumenting the drive shaft driving the cutterhead and knife arm.  Power requirements were 

broken down into: 

• the power to move air and overcome friction of the empty cutterhead, 

• the power to cut and chop the forage and to overcome friction between forage and the 

housing, and  

• the power to accelerate the forage to the peripheral velocity of the fan. 

 

Alfalfa at 63% moisture content (w.b.) was harvested at feed rates of 1.3 to 9.5 tonnes/hour.  

Power measurements from approximately 9 to 25 kW (12 to 34 hp) were recorded and a linear 

regression was performed to obtain equations to describe the power requirements of the rotary 

type forage harvester. 

 

Nieuwenhof (2003) studied the energy requirements of a non-row sensitive corn header for a 

pull-type forage harvester.  Similar to rotary disc mowers, most non-row sensitive corn headers 

use a large serrated disc to cut standing material without the use of a counter-shear (free cutting).  

Power requirements of a prototype forage harvester were measured by instrumenting the header 

and the blower.  An analytical model was developed to estimate the crop specific energy input 

required by the prototype harvester.  This model considered the no-load power, cutting power, 

gathering power, and conveying power operations.  These operations are similar to that of a 

rotary disc mower cutterbar. 
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The model analytical model was defined as: 
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where:  

SE: specific energy of the header (kW·h/t DM), 

P0: zero-load power (kW), 

Pc: cutting power (kW), 

Pg: gathering power (kW), 

 Pcv: conveying power (kW), 

 Q: mass flow rate (wet basis, t/h), and 

 MC: crop moisture content (decimal). 
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3. OBJECTIVES 

The purpose of the experiments was to study the power requirements and material movement 

across a prototype disc mower cutterbar.  Little research has been performed of this type and by 

studying the parameters involved in the machine operation improvements may be made upon the 

design.  From this, lower power requirements, improved cutting performance, and increased 

forage quality may result.   

 

The general objectives of this study were to: 

 

• determine material flow characteristics across the mower cutterbar, 

• measure the power requirements of individual discs of a prototype disc mower, 

• relate power requirements and material flow characteristics,  

• model and predict the specific energy requirements (energy requirements per unit of dry 

matter (kW·h/ t DM)) in different operational conditions, and 

• suggest improvements and possible further research with regards to the experiments 

performed and to improvements of the overall mower design. 

 

Section 4 describes the high-speed video acquisition and material flow analysis. Section 5 

describes the cutterbar power and specific energy measurement.  Section 6 describes the 

relationship between specific energy requirements and material flow across the mower cutterbar.  

Section 7 involves the derivation of models predicting specific energy requirements. 
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4. EXPERIMENT I: HIGH-SPEED IMAGING AND MATERIAL 

FLOW   

4.1 Introduction 

A high-speed imaging camera was used to record material movement across the cutterbar during 

mower operation.  High-speed videos were downloaded to a computer for further analysis using 

Matlab® to compute optical flow vector fields to describe the material movement.  This analysis 

was performed for two pairs of discs on the cutterbar; a converging pair and a diverging pair.  A 

statistical analysis was performed in order to determine the significant factors affecting the 

averaged vector flow angle. 

 

4.2 Objectives 

The purpose of the experiments was to capture high-speed video of the material movement 

across the cutterbar and study material flow vectors and patterns.  The objectives of this 

experiment were to:   

• perform field tests over a range of ground speeds and disc speeds in both alfalfa and 

light grass,  

• capture high-speed video of both converging and diverging disc pairs, 

• apply an optical flow analysis to videos captured and determine material vector flow 

fields for each experiment performed, and 

• statistically compare averaged vector angles and determine significant factors affecting 

material movement. 
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All tests were performed between August 14th and 20th 2004 north of Clavet, Saskatchewan.  

The combinations of effects were randomized and all mowing was performed in the same 

direction.  For each combination of effects three repetitions were performed.  Disc rotational 

speeds of 1500, 2000, and 2500 RPM relate to approximately 52, 69, and 86 m/s disc tip speeds, 

respectively.  These tests were performed in alfalfa and light mixed grass, composed primarily 

of Timothy.  Due to the late cutting date, the alfalfa was slightly over-mature and lodged.  At the 

end of each run the cutting width and a sample of the windrow weight (+/- 0.05 kg) were 

recorded to calculate yield and mower throughput.  Through the duration of the experiments, 

moisture content samples (of approximately 300 g) were taken and later calculated in 

accordance to ASAE standard S358.2 (American Society of Agricultural Engineers, 1999).  

Moisture content results are found in Table 4.1. 

 

Table 4.1: Measured material moisture content and yield 

Material                       Moisture content          Yield Dry matter yield 

 M.C. [w.b.] (%) Stdev M.C. [w.b.] (%) (kg/m2) (t/ha) (kg/m2) (t/ha) 

Alfalfa 72.5 5.01 1.49 15.1 0.41 4.16 

Grass 61.9 7.55 0.61 6.12 0.17 1.69 

 

A New Holland TM 140 front wheel assist tractor with a power-shift transmission was used for 

the field tests performed.  This particular transmission posed problems because exact ground 

speeds at different PTO speeds (which is dependent of engine speed) were not possible due to 

gearing ratios.  Instead, the nearest gear ratio was used, usually within approximately 0.2 km/h 

of the required ground speed (as indicated by the tractor speedometer).  All mowing runs were 

performed traveling from west to east and all experimental parameters were randomized.  Tests 

were performed between approximately 19h and 23h because problems with sunlight and glare 

caused imaging problems for the high-speed camera.  High-speed imaging and the torque data 

acquisition were performed simultaneously. 

 

Other mower parameters were set and maintained constant throughout the experiment duration.  

The cutting height, which is determined by the position of the cutterbar shoes, was set to a 

cutting height of approximately 15 cm.  The cutterbar tilt angle was also maintained unchanged 

during all tests.  However, actual cutting height varied greatly, depending on the severity of crop 

lodging, and the direction that the material was lodged.  Cutting height was set slightly higher 
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than normal in order to reduce the risk of damaging the cutterbar.  The same blades were used 

throughout the entire test duration.  Little to no wear was noticed on the blades over the course 

of the experiments.   

 

It was assumed that the mower throughput could be divided evenly across the width of the 

cutterbar. Furthermore, it was assumed that the target values for both ground speed and disc 

speed could represent the actual values for the factorial analysis.  Both ground speed and disc 

speed were closely monitored and controlled throughout the duration of the tests; however, 

neither factor was recorded with a data acquisition system.  The camera was positioned to 

capture video of the converging and diverging cutting zones produced by discs 2, 3, and 4 on the 

cutterbar (Figure 4.4).  

 

Figure 4.4: Location of viewing windows  

4.3.2 High-speed imaging camera and videos 

A black & white CCD high-speed imaging camera (Redlake Motionmeter, Redlake Inc. 

Tallahassee, Fl.) was used to capture video at 500 frames per second (fps) to document the flow 

of material across the cutterbar.  The camera was capable of storing 2048 frames which allow 

approximately 4.1 seconds of recording time.  Each frame is composed of a 292 x 220 grayscale 

image. After each run, the captured high-speed video was streamed to a video capture device 

and stored to a laptop computer as a digital video file.  A video capture device was used to 

convert the analog NTSC (National Television System Committee) video source from the 

camera to a digital video file which was stored on the laptop computer.  To properly capture the 

material moving across the cutterbar at high speed, high shutter speeds were required (1/2500th 

of a second).  Numerous lights were installed to produce enough light to compensate for high 

shutter speeds required.  Various lighting angles were attempted because airborne dust and trash 

in the camera field of view became a problem.  The camera was installed on a sliding rail 
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capable of positioning the camera over various locations above the cutterbar.  A hole was cut 

through the mower shielding to allow view for the camera.  The camera was mounted directly 

above the cutterbar, contained within a shielded enclosure.  The enclosure also provided a means 

of blocking sunlight glare from the viewing area.  A wide-angle lens (3mm focal length) was 

required due to the dimensional constraints of mounting the camera above the cutterbar (due to 

the nature of wide-angle lenses, a small amount of distortion may have been caused at the edges 

of the captured video).  The lens and camera position provided an effective viewing window of 

approximately 0.74m by 0.55m.  A display screen, installed in the tractor cab, was used to 

monitor a live feed from the camera.  Remote switches were also installed in the tractor cab to 

allow remote operation of the camera. 

4.3.3 Optical flow analysis 

In order to determine the material flow across the cutterbar it was necessary to find a way to 

track particle motion from one video frame to the next.  By tracing the motion of different 

particles originating at different locations within the field of view of the camera, it would be 

possible to create a vector flow field of the apparent motion of the material moving across the 

cutterbar.  A variety of different approaches was attempted to produce consistent and precise 

data from tracking particles with little success.  Problems arose due to the low resolution of the 

camera, and the nature of the video made it nearly impossible for the user to track a single point 

or “particle” for the duration of little more than a few frames.  Possible tracking points (stems, 

leaves, or clusters of forage) that seemed easily traceable would disappear from the camera’s 

field of view fractions of a second later.  Manually tracking points also introduced a large 

amount of biased error in the sense that one would select the particle’s path which the observer 

would expect it to follow.  After numerous attempts to perform manual particle tracking it was 

apparent that other means of developing a vector field would be required.   

 

A phase-based optical flow algorithm was run using Matlab R13® to produce optical flow 

vector fields from the captured videos.  The phase-based optical flow algorithm was obtained 

from MATLAB Central, an open exchange for MATLAB files.  Adaptations were made to 

allow for the analysis of bitmap images.  Raw videos were first edited to remove any poor video 

footage, which most commonly was caused by clouds of airborne soil blocking the camera view. 

Edited videos were decompiled into a sequence of still bitmap images and analyzed using the 

optical flow algorithm.  Due to the variability of the amount of usable video, the total number of 
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image sequences representing each video varied from approximately 2048 (maximum obtainable 

amount) to 1500 frames, with an average of approximately 1700 usable frames per video. 

 

Edited image sequences derived from the videos were imported into Matlab R13® to be read as 

a series of image matrices and a phase-based optical flow algorithm was applied.  Twenty 

groups of images were extracted from the sequence of images representing each video.  Each 

group consisted of a set of 50 consecutive images (a “sub-sample”) which were analyzed as an 

optical flow sequence.  Twenty sets of 50 images resulted in 1000 frames of processed video, 

which constituted approximately half of the maximum possible length of video captured.  Fifty 

images were chosen for each sample group, providing 1/10th of a second of analyzed video while 

not requiring high amounts of computation time.  It is common that optical flow algorithms 

demand computation time on a non-linear scale.  As found by Quénot et al. (1998), doubling the 

image size or the number of frames computed increases computation time by approximately a 

factor of six.  The 50 x 50 vector grid was chosen arbitrarily also as a reasonable balance 

between resolution and computation time.  The videos for the converging and diverging cutting 

zones could not be filmed simultaneously because only one high-speed camera was available.   

Figure 4.5 shows a typical optical flow vector field for cutting in the converging and diverging 

cutting zones.  These particular optical flow vector fields represent cutting light grass at 8.04 

km/hr and a disc speed of 2500 RPM.  Material flowing perpendicular the cutterbar had a vector 

angle of zero degrees, and material flowing towards the outer edge (towards disc 1) had a 

positive angle.  Direction of cutterbar travel is from top to bottom in Figure 4.5. 

 

Figure 4.5: Optical flow field on cutterbar for converging and diverging cutting zones  

 

The calculated 50 x 50 vector grid was also reduced to a 5 x 5 grid by averaging 10 x 10 blocks.  

This averaging was intended to buffer out vector errors originating from movement of airborne 

material which would occasionally drift across the field of view of the lens. For each averaged 

block, the standard deviation was calculated.   
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4.3.4 Vector field analysis and material flow properties 

Each image sequence (video) was partitioned and analyzed in 20 groups of sub-set image 

sequences.  For each group, an average flow angle and a 5 x 5 grid standard deviation was 

calculated.  Then from those 20 sub-sets, one total average material flow vector and the standard 

deviations of the sub-set average flow vectors were calculated.  The flowchart illustrated in 

Figure 4.6 outlines the optical flow analysis.  

 

 

 

Figure 4.6: Optical flow analysis diagram 

 

The material flow consistency term and the uniformity term were created to quantify material 

flow properties other than the averaged material flow angle. 
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4.3.5 Definition of uniformity 

From visual observation of the high-speed videos, it was apparent some factors would produce 

more scattered material flow than others.  This was quantified by the uniformity term.  

Uniformity was defined as the standard deviation of the 5 x 5 vector map angles.  If all observed 

material was found to be moving together in one direction, the material flow would be 

considered to be uniform.  A uniformity term was found for each of the 20 groups.  

 

By averaging the standard deviations of each of the group vector maps, an indication of the flow 

uniformity with respect to the viewing window can be determined.  If the vector field is 

scattered, the standard deviation of the vector field would be large, indicating a low amount of 

vector field uniformity (Figure 4.7).  Uniformity may also detect changes in material flow 

direction as material is being transported across the cutterbar. 

 

Figure 4.7: Uniform flow field (left, uniformity=0°) vs. non-uniform flow field (right 

uniformity>0°) 
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4.3.6 Definition of consistency 

The standard deviation of the overall average angle (the overall average of the sub-set averages) 

was calculated in order to quantify the amount of deviation from the average material flow angle 

over time (from one sub-set average to the next).   

 

A perfectly consistent overall average material flow angle over time (as illustrated in Figure 

4.8a) would produce a consistency value of zero.  The degree to which the averaged vector field 

angle changes over time is indicated by a consistency value larger than zero, which would result 

in a series of average flow vectors as illustrated in Figure 4.8b. 

 

 

Figure 4.8: High consistency flow field (a, consistency=0°) vs. low-consistency flow field (b, 

consistency>0° ) 

 

The intention of this term (consistency) was to identify situations that would produce irregular 

material flow over time. 
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4.4 Results  

4.4.1 Optical flow results 

Using the optical flow algorithm together with the data collected using the high-speed imaging 

camera, the average vector flow field angle, consistency, and uniformity terms were calculated 

for each combination of effects tested.  These results are listed in Table 4.2 and Table 4.3. 
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4.4.2 Statistical analysis 

The results from the optical flow analysis were compiled and a statistical analysis was 

performed to determine the levels of significance for each experimental effect.  SAS© version 9 

(The SAS Institute Inc., 2004) was used to perform an analysis of variance (ANOVA) using the 

general linear model.  The general linear model can be used for any ANOVA design with 

categorical model effects.  The significance of the four fixed effects (material, groundspeed, disc 

speed, and cutting zone) and their interactions were included in the disc-based statistical models.   

 

An analysis of variance was performed on average angles (ANGLE) found from the optical flow 

analysis to determine the significant factors (equation 4.9).  Similar models, analyzing the same 

predictor effects, were investigated for the consistency (CONST) and uniformity (UNIFORM) of 

the optical flow results.  The resulting ANOVA tables may be found in Appendix 1.  The 

ANOVA models are as follows: 

 

eZRZGRGZMRMGM

ZRGMANGLE

++++++

+++++=

)*()*()*()*()*()*(

µ

, 

(4.9) 

 

eZRZGRGZMRMGM

ZRGMCONST

++++++

+++++=

)*()*()*()*()*()*(

µ

, and 

(4.10) 

 

eZRZGRGZMRMGM

ZRGMUNIFORM

++++++

+++++=

)*()*()*()*()*()*(

µ

, 

(4.11) 

where: 

 u: overall average, 

 M: material effect, 

 G: ground speed effect, 

 R: disc speed effect, 

 Z: cutting zone effect (converging / diverging), 

 M*G: material and ground speed interaction, 

 M*R:  material and disc speed interaction, 

 M*Z: material and cutting zone interaction, 
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 G*R: ground speed and disc speed interaction, 

 G*Z: ground speed and cutting zone interaction, 

 R*Z: disc speed and cutting zone interaction, and 

 e:  experimental error. 

 

From the ANOVA models the determination of significant factors affecting the average angle, 

consistency, and uniformity were found (Table 4.4).   

 

Table 4.4: Significant factors affecting optical flow results 

Factor Average Angle Consistency Uniformity 
Material  X X 
Disc Speed   X 
Ground Speed  X  
Cutting Group X  X 
Material * Disc Speed  X  
Material * Ground Speed   X 
Material * Cutting Group    
Disc Speed * Ground Speed    
Disc Speed * Cutting Group    
Ground Speed * Cutting Group       

X= Statistically significant at 5% level 

 

Duncan’s multiple range test (DMRT) was used to determine significant differences between 

different settings of each significant factor.  Duncan’s multiple range test is the most widely 

used test in multiple comparisons (SAS Institute, 1989).  SAS® was used to calculate statistical 

differences between means of the significant test factors.  Means with different lettering are 

significantly different at the 5% significance level.  The results are found in Table 4.5, Table 4.6, 

and Table 4.7. 
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Table 4.5: Means and DMRT statistically significant factors affecting average material 

flow angle from the optical flow analysis 

 

Cutting Pair Average Angle 
(degrees) 

Diverging 0.64 a 
Converging -8.83 b 

 
 
 
 
 
Table 4.6: Means and DMRT statistically significant factors affecting consistency from the 

optical flow analysis 

 

Material Consistency 
(degrees) 

Alfalfa 9.02 a 
Grass 12.52 b 

 
 

Ground Speed  
(km/h) 

Consistency 
(degrees) 

4.8 12.67 a 
8.1 11.30 a 
11.3 8.33 b 
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Table 4.7: Means and DMRT statistically significant factors affecting uniformity from the 

optical flow analysis 

 

Material 
 

Uniformity 
(degrees) 

Alfalfa 13.95 a 

Grass 18.51 b 
 
   
Disc Speed 
(RPM) 

Uniformity 
(degrees) 

1500 15.80 a 
2000 15.29 a 
2500 17.61 b 

 
 

Cutting Group Uniformity 
(degrees) 

Converging (Disc 2&3) 12.47 a 
Diverging (Disc 3&4) 18.99 b 
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4.5 Discussion 

4.5.1 Effect of significant factors on the average material flow angle 

The only factor that was found to have a significant effect on the average flow angle (ANGLE) 

of the material flow across the cutterbar was the cutting zone (converging or diverging).  

Material transported across the diverging cutting pair (discs 3 & 4) showed an average angle of 

+0.64 degrees, which is nearly straight across the cutterbar (a positive angle indicates material 

transport away from the center of the cutterbar).  Material transported across the converging 

cutting pair (discs 2 & 3) showed an average angle of -8.83 degrees (indicating transport 

towards the center of the cutterbar).  This can be explained by the unbalanced collection of 

material entering the converging cutting zone because material being transported includes the 

material cut by disc 1.  Material from disc 1 is transported inwards, towards the conditioner rolls 

which are narrower than the cutterbar width.   

 

It should be noted that from visual observation of the videos, it is apparent that material flow 

over the diverging cutting pair displayed stalling and inconsistencies.  This was not observed in 

the converging cutting zone.  The flow behaviour in the diverging cutting zone may be attributed 

to the opposing rotation of the blades.  At low material throughputs, very little material was 

noticed to cross the cutterbar between discs 3 and 4.  Rather, material flow was parted at the 

leading edge of the diverging cutting zone, and transferred to the flow streams between discs 

2&3 and 4&5.  Occasionally material from the diverging cutting zone was observed to be 

moving in the negative direction (away from the conditioning system) before being transported 

into the converging cutting zones.  This material recirculation is believed to result in repeated 

cutting and poor forage quality. 
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4.5.2 Effect of significant factors on the material flow consistency 

Material flow consistency was found to be influenced by the material and ground speed factors, 

as well as the interaction of material and disc rotational speed. Grass was found to have a less 

consistent flow, as indicated by the higher value (12.52 vs. 9.02 degrees), which may have been 

due to the lighter material throughput.  Increasing ground speed (which directly increases 

throughput) resulted in a more consistent flow pattern.  From visual observation of the high-

speed imaging videos, low ground speed resulted in the accumulation of material in front of the 

cutterbar, until the material entering the cutting zone was sufficient enough to force the 

accumulated material across the cutterbar.  This was especially apparent in grass.  The 

occurrence of the material accumulation resulted in lower material flow consistency.  From 

visual observation of the videos, it was noticed that higher grounds speeds appeared to promote 

more developed flow streams and more consistent flow over time.  Although the disc speed was 

not found to be a significant factor affecting the consistency (on the 0.05% level), the interaction 

effect of material*disc speed was found to be significant.   
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4.5.3 Effect of significant factors of the material flow uniformity 

Material flow uniformity was found to be influenced by the material, disc rotational speed, 

cutting zone, and the interaction of the material*ground speed.  Grass was found to produce a 

much less uniform flow than alfalfa, indicating a high amount of material scattering and/or 

changing of flow direction within the viewing window of the high-speed camera.  From visual 

inspection of the high-speed videos, it was noticed that grass was more likely to re-circulate, 

especially at lower ground speed (lower throughput).  This recirculation was only found to occur 

in the diverging cutting zone.  Also from visual analysis of the high-speed videos the lower-

yielding grass combined with low ground speeds was found to have a very high amount of 

scattering and low flow uniformity.  This observation was confirmed by the detection of the 

material*ground speed interaction as a significant factor.  The amount of material crossing the 

cutterbar (throughput) appeared to have a considerable effect on the uniformity of the material 

flow.  The diverging cutting zone was also found to have less uniform material flow than that 

found in the converging cutting zone.  From visual observation of the high-speed videos it was 

apparent that material uniformity in the diverging cutting zone was strongly influenced by the 

opposing motion of the rotating discs, and experienced higher amounts of flow scattering.  This 

observation is reinforced by the detection of the cutting zone as a statistically significant factor.  

The diverging cutting zone was found to have a uniformity value of approximately 2/3 more that 

of the converging cutting zone (18.99 vs. 12.47 degrees, respectively).  

 

No clear explanation of the effect of disc rotational velocity on the uniformity could be made.  

However it may possibly be explained by the increased amount of thrown off material which 

occurs at higher disc speeds, as suggested by Boisi (1991). Similarly, higher disc rotational 

speed may produce increased amount of aerodynamic lift which would affect the transport 

process.  Increased conditioner speed may also produce different aerodynamic transport 

properties; however these are not within the scope of this project. 
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4.6 Conclusion  

High-speed acquisition of images of the prototype mower cutterbar was achieved and a phase-

based optical flow algorithm was applied which produced vector fields of the material 

movement.  The average flow angle of material for each combination of effects was found, and 

the consistency and uniformity terms were calculated to help quantitatively describe the material 

flow properties.  From this experiment, the following conclusions were drawn: 

 

• The average material flow angle was found to be affected by the cutting zone.  Material 

in the converging cutting zone had an average material flow angle of -8.83 degrees, 

indicating the material was transported towards the center of the machine as it moved 

over the cutterbar towards the conditioner.  Material flow over the diverging cutting 

zone was measured to have an average material flow of +0.64 degrees, indicating 

material movement across the cutterbar with almost no transverse transportation. 

• The material flow consistency was found to be influenced by the material type and 

groundspeed.  Increasing groundspeed, which increased throughput, resulted in a more 

consistent material flow.  Alfalfa was found to provide a more consistent flow across the 

cutterbar than grass, as indicated by the lower consistency value (9.02 vs. 12.52 

degrees). 

• The material flow uniformity was found to be affected by the material, disc speed, and 

cutting zone.  Alfalfa was found to have more consistent material flow than grass, which 

is most likely due to the differences in yield (4.16 t/ha DM vs. 1.69 t/ha DM for alfalfa 

and grass, respectively).  No clear trends could be determined for the effect of disc 

rotational velocity on material flow uniformity.  The converging cutting zone was found 

to have much higher flow uniformity than the diverging cutting zone, as indicated by the 

lower uniformity value (12.47 vs. 18.99 degrees).  This difference was most likely due 

to the re-circulating flow patterns as observed from the high-speed imaging videos. 

 

  



41 

   

 

5. EXPERIMENT II: POWER AND SPECIFIC ENERGY 

MEASUREMENT 

5.1 Introduction 

Torque measurements on individual discs were recorded in order to determine power 

requirements at different locations along the cutterbar while in operation.  By measuring the disc 

rotational speed and material throughput, torque values were used to determine power and 

specific energy requirements.  The discs that were monitored produced a converging and a 

diverging cutting zone (Figure 5.1).   

 

Figure 5.1: Converging vs. diverging cutting zones (Courtesy of MacDon Inc.) 

 

Custom designed drive hubs containing stand-alone data-acquisition systems were designed and 

installed on the mower.  Data were collected from each of the data-acquisition systems using a 

laptop and results were later processed using MS Excel®.  A statistical analysis was performed 

in order to determine the significant factors affecting the cutting power and specific energy. 
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5.2 Objectives 

The purpose of measuring the hub drive torque was to determine the effect of variables tested 

which included the harvested material, ground speed, disc rotational velocity, and disc position 

on the cutterbar.   

 

The objectives of this experiment were to: 

• measure the torque values for different discs across the cutterbar during operation with 

variable effects, using similar factorial levels as the experiment in Section 4, 

• calculate the power requirements and the specific energy, and  

• determine the factors affecting the specific energy requirements. 

 

5.3 Materials and methods 

5.3.1 Prototype disc mower and forage material 

The mower as described in Section 4.3.1 was used for the power and specific energy 

requirement measurement, under the same conditions with similar experimental factors.  

5.3.2 Instrumented hub and strain gauges 

As illustrated in Figure 5.2, the total disc torque (Dt) required to rotate a disc at a rotational 

velocity � was assumed to be composed of the cutting torque Dc, aerodynamic torque Daero, and 

the crop material frictional torque Df.  The cutting torque Dc was due to the cutting force Fc 

acting on the knife at a radial distance rc.  The aerodynamic torque was caused by the 

aerodynamic forces Faero acting on the disc which may be represented by an effective force at a 

radial distance raero.  Similarly, the crop material frictional torque may be represented by a force 

Ff  acting at a radial distance rf.  This occurs as the cutterbar travels forward at a ground speed of 

vg.   
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Figure 5.4: Cut-away view of disc mower drivetrain (Courtesy of MacDon Industries Ltd.) 

 

It was determined the best solution was to instrument the existing hubs, because these were the 

most practical and easiest components to instrument.  In order to achieve the desired amount of 

stress for proper instrumentation, removing material from the hub was necessary.  A guideline of 

7.5 kW (10 hp) was estimated as the average power requirement per hub, along with a safety 

factor of 10 (as recommended by MacDon Industries Inc.).  A maximum rotational velocity of 

2500 RPM (261.8 rad/s) related to 28.4 N·m of torque.  A relatively high safety factor was 

suggested because foreign objects in the cutting path such as rocks could cause severe torque 

spikes upon impact, consequently yielding the instrumented hub.  Using these guidelines, the 

hubs were drawn in Autodesk Inventor®, a parametric solid modeling program, and imported 

into Visual Nastran 4D®, a body dynamics software package which incorporates finite element 

analysis (FEA).  The factory hubs were constructed of mild steel with a modulus of elasticity (E) 

of 220 GPa and yield stress (�) of 330 MPa, which resulted in a maximum stress level of 33 

MPa when considering the safety factor.  This related to a nominal strain of 150 microstrain, 

which was found using the equation: 

εσ ⋅= E , (5.12) 

where 

 � = normal strain (mm/mm), 

� = normal stress (MPa), and 

 E = modulus of elasticity (GPa). 
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Using Visual Nastran 4D® and the material properties of mild steel, the amount of material to 

remove in order to achieve the desired amount of stress was determined.  Four circular sweeps 

were milled through the hub, leaving four 2.54-mm wide “spokes”, allowing the implementation 

of a full-bridge strain gauge arrangement (Figure 5.5).  Machining the hubs also created cavities 

in which the data acquisition system may be placed.  High stress concentration areas were 

created, which provided an ideal location for the strain gauge attachment.  Using four 350-ohm 

strain gauges in a full bridge configuration, instrument sensitivity of approximately 1.5 mV/V 

was achieved.  This is a generally low value for a load-cell type device; however, a high degree 

of durability was required, resulting in a lower sensitivity.  Approximately 15.1 mA was 

required to power the strain gauge bridge with a 5 volt excitation.   

 

Hub calibrations were performed by securing the outer part of the hub and applying torque to the 

hub center.  The coefficient of determination (R2) values for each hub calibration were 0.98 or 

greater (Appendix 2).  Each hub was designed to be capable of handling in excess of 300 N·m of 

torque to prevent damage due to impacts with foreign material in the field. 

 

 

Figure 5.5: Finite Element Analysis of instrumented hub design and location of stress 

concentration (33 MPa stress indicated by shaded region)  
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5.3.3 Data acquisition system 

The data acquisition system required to measure and store measurements from the instrumented 

hub consisted of the following components: 

• instrumentation amplifier, 

• voltage regulator, 

• power supply, 

• embedded microcontroller, and 

• mercury tilt switch. 

 

A Texas Instruments INA327 Precision rail-to-rail I/O instrumentation amplifier was used to 

amplify the signal from the strain gauge bridge to a usable signal level for an embedded 

microcontroller analog-to-digital converter.  A gain of 1000 was required to produce a usable 

signal from the instrumented hub.  In order to maintain some degree of durability, a higher 

safety factor was used to prevent hub damage, which consequently required a higher gain.  Due 

to the high level of gain, filtering was required to remove noise caused by vibrations and other 

sources.  A low-pass resistor-capacitor filter with a cut-off frequency of approximately 23 Hz 

was used.  The purpose of the 25-Hz filter was to inhibit signal aliasing by limiting the input 

signal bandwidth to below half of the sampling rate, which was set to 55 Hz.  By filtering signal 

components which had a higher frequency than what can properly be interpreted by the analog 

to digital converter, signal distortion was minimized.  

 

In order to properly digitize the analog signal, sampling rates of at least twice the maximum 

frequency would be required, according to Nyquist’s theorem.  At a maximum disc rotational 

speed of 2500 RPM, peak blade cutting force would be expected to occur at a frequency of 

approximately 83 Hz (considering two blade impacts per disc rotation).  Therefore sampling 

rates of at least 166 Hz would be required to accurately reproduce the cutting torque signal.  

However, because the objective was to only measure average specific energy requirements on 

the cutterbar, a lower sampling rate of 55 Hz could be applied.   

 

A National Semiconductor LP2950 micro-power voltage regulator was selected to regulate 

power for the microcontroller, strain gauge bridge, and instrumentation amplifier.  This specific 

voltage regulator is capable of supplying 5 volts at 160 mA output current. 
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After testing an assortment of different battery options, the most practical solution was to use the 

internal cells from a standard 9 volt battery (6f22 package).  Depending on the battery, a 

common alkaline 9 volt battery is capable of producing approximately 625 mA·h.  Due to space 

constraints within the hub, the 9 volt batteries were dismantled and repackaged into two smaller 

batteries.   

 

A Micromint Inc. Domino 1A embedded controller module (Micromint USA, LLC., Lake Mary, 

Florida) was selected for use as an onboard data-logger.  A data-logging program was written in 

BASIC™.  The controller’s 12-bit analog to digital converter was used to digitize readings from 

the strain gauges for storing into its 32 kb of RAM.  The program was designed to start 

collecting data after the mercury switch had been closed, and data collection would continue 

until the remainder of the memory was filled.  This related to approximately 65 seconds of data 

acquisition at a sample frequency of 55 Hz (3800 samples).  Collected data were then 

downloaded from the microcontroller to a computer using an RS-232 serial connection at 4800 

bps and captured with Microsoft® HyperTerminal V5.1.  A mercury tilt switch was used to 

trigger the interrupt on the microcontroller, starting the data collection program.  The mercury 

switch was placed on a slight incline in such a manner that the centrifugal force of the disc 

rotation would cause the mercury to be forced outwards, closing the switch.  The angular 

acceleration of the disc when engaging the PTO caused the microcontroller to trigger almost 

instantaneously.  A schematic of the instrumented hub data acquisition system can be found in 

Appendix 3. 

 

An illustration of the instrumented hub with embedded data acquisition system is found in 

Figure 5.6.  
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Figure 5.6: Instrumented hub with embedded data acquisition system 

 

5.3.4 Data formatting, and filtering 

After each test performed, data were downloaded from the hub data acquisition systems to a 

laptop computer.  Raw data from each microcontroller (originally stored as a value between 0 

and 4095 for a 12-bit analog to digital conversion) were later converted to a torque value.  This 

was performed using a MS Excel® macro which considered the calibration curves specific to 

each hub.  Noise in the torque data (most likely caused by gearbox vibration from the excessive 

gear-lash) was removed using a simple moving average trend line following the equation: 

n

AAA
P nttt

t

11 ...
−−−

++
= , 

(5.13) 

where the averaged point, Pt, was calculated using a period (n) of 20 data points (found over the 

time series of original data points ranging from At to At-19).  The moving average was used to 

smooth fluctuations in data, thus showing the average torque measurements more clearly.    
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5.4 Results  

5.4.1 Raw data  

Each data set captured shares distinct identifiable points including cutterbar drive engagement, 

material cutting, and cutterbar drive disengagement.  A large torque spike may be noticed 

instantaneously after drive engagement.  These identifiers were used to help define the start and 

stop times for the cutting torque data.  The data from each test were represented by an averaged 

cutting torque value, calculated over a manually-defined duration (no less than 20 seconds).  

Cutting torque measurements ranged from approximately 4.1 to 23.7 N·m, and averaged 

approximately 12.3 N·m.  Figure 5.7 illustrates a typical 60-second data set for disc number 3 

cutting in alfalfa at 2000 RPM.   

 

 

Figure 5.7: Sample data of measured torque and power 
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5.4.2 Power and specific energy measurement 

The zero-throughput power requirement was measured for each disc to determine the 

aerodynamic losses at disc rotational speeds of 1500, 2000, and 2500 RPM (157, 209, and 262 

rad/s).  Cutterbar drivetrain losses were not measured because the instrumented hubs were 

measuring torque between the gear drivetrain and the cutting discs.  Zero-throughput power 

requirements of 0.67, 0.94, and 1.12 kW were measured for disc speeds of 1500, 2000, and 2500 

RPM, respectively (Appendix 4).  This relates to approximately 1.34 to 2.10 kW per meter of 

cutting width.  These measurements were found using the instrumented hubs while running the 

cutterbar with zero-throughput, and are in agreement with the results of other studies.  Šesák et 

al. (2002) measured overall free running power requirements of a rotary disc mower as 

approximately 3 kW per meter of mower cutting width.  Similarly, conditioner requirements 

were measured as approximately 1 kW/m, with the difference in power requirements being 

accounted for by cutterbar requirements and various losses.  However, no indication of tip speed 

was given.   

 

Material throughput was calculated by weighing samples of the cut windrow.  This was 

accomplished by loading 1.8-meter long samples of the windrow into a tarp and weighing the 

sample using a hanging scale (+/- 0.2 kg).  The actual width of the mower being used during 

cutting was measured to provide an accurate representation of the cut width (ranging from 3.2 to 

3.6 meters) and therefore an accurate throughput measurement.  All efforts were made to 

maintain the mower cutting width at the full 3.66-meter mower cutting width.  The dry matter 

throughput was then calculated from the mower throughput and moisture content. 

 

For each material type, a total of 14 throughput measurements were taken at random points 

throughout the field (Appendix 5).  Averages of the measured mass (wet basis) for grass and 

alfalfa were 5.1 and 12.4 kg, respectively.  In order to simplify the analysis, it was assumed that 

the crop yield, plant density, and plant height could be considered uniform throughout the 

harvested test plot.  Stalk diameter of harvested plants were measured (Appendix 5) and were 

found to agree with stalk diameter values found in literature. Average stalk diameters for grass 

and alfalfa were found as 2.2 and 3.3 mm, respectively.  Table 5.1 and Table 5.2 show the 

detailed results of the cutting power and specific energy measurements made on discs 2, 3, and 

4.  Three replications for each combination of effects were averaged to calculate each power 

requirement and specific energy result.   
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In order to compare power (and specific energy) requirements on a basis of converging and 

diverging cutting zones, an assumption was made that the cutterbar power requirement within 

the window of the converging cutting zone can be represented by the summation of half of the 

measured power values from disc number 2 and 3.  Likewise, this assumption app

diverging cutting zone being represented similarly by discs 3 and 4, as shown in

Half the values for each hub pair were added to provide power (and specific energy) values 

which represent each viewing window.   

: Grouping of the hub results into converging and diverging cutting z

show the instrumented hub data, as grouped by cutting zone. 

tables represent the results for alfalfa and timothy grass, respectively. 

y) requirements on a basis of converging and 

t the cutterbar power requirement within 

presented by the summation of half of the 

disc number 2 and 3.  Likewise, this assumption applies to the 

by discs 3 and 4, as shown in Figure 5.8.  

o provide power (and specific energy) values 

 

hub results into converging and diverging cutting zones  

instrumented hub data, as grouped by cutting zone.  These 
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Table 5.3: Converging and diverging power requirements and specific energy for alfalfa  

Disc Speed        

(RPM) 

Groundspeed       

(km/h) 

Throughput                    

per zone (t DM/h) 

Cutting 

Group 

Power                       

(kW) 

Specific Energy 

(kW•h/ t DM) 

1500 4.8 0.91 2&3 1.73 1.89 

  0.91 3&4 1.22 1.33 

 8.1 1.52 2&3 1.45 0.95 

  1.52 3&4 1.35 0.88 

 11.3 2.13 2&3 1.61 0.75 

  2.13 3&4 0.93 0.44 

2000 4.8 0.91 2&3 3.06 3.35 

  0.91 3&4 1.81 1.93 

 8.1 1.52 2&3 3.05 2.00 

  1.52 3&4 1.4 0.92 

 11.3 2.13 2&3 2.22 1.04 

  2.13 3&4 2.25 1.05 

2500 4.8 0.91 2&3 2.84 3.11 

  0.91 3&4 3.01 3.30 

 8.1 1.52 2&3 3.54 2.32 

  1.52 3&4 3.63 2.38 

 11.3 2.13 2&3 4.03 1.89 

  2.13 3&4 2.93 1.37 
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Table 5.4: Converging and diverging power requirements and specific energy for Timothy 

grass 

Disc Speed        

(RPM) 

Groundspeed       

(km/h) 

Throughput                    

per zone (t DM/h) 

Cutting 

Group 

Power                       

(kW) 

Specific Energy 

(kW•h/ t DM) 

1500 4.8 0.37 2&3 1.32 3.55 

  0.37 3&4 1.05 2.83 

 8.1 0.62 2&3 1.77 2.86 

  0.62 3&4 1.64 2.65 

 11.3 0.86 2&3 1.79 2.07 

  0.86 3&4 1.25 1.45 

2000 4.8 0.37 2&3 2.15 5.80 

  0.37 3&4 2.65 7.15 

 8.1 0.62 2&3 2.45 3.97 

  0.62 3&4 2.94 4.75 

 11.3 0.86 2&3 3.5 4.05 

  0.86 3&4 3.05 3.53 

2500 4.8 0.37 2&3 3.97 10.71 

  0.37 3&4 4.04 10.90 

 8.1 0.62 2&3 4.5 7.28 

  0.62 3&4 4.69 7.59 

 11.3 0.86 2&3 5.9 6.82 

  0.86 3&4 5.85 6.76 
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5.4.3 Statistical analysis 

Using the results from the disc-based analysis, an analysis of variance (ANOVA) was performed 

on the measured power (P_DISC) and specific energy (SE_DISC) values of the cutterbar.  The 

following equations represent the models used in the ANOVA: 

 

eDRDGRGDMRMGM

DRGMDISCP

++++++

+++++=

)*()*()*()*()*()*(

_ µ

, 

(5.14) 

 

and: 

 

eDRDGRGDMRMGM

DRGMDISCSE

++++++

+++++=

)*()*()*()*()*()*(

_ µ

  , 

(5.15) 

where 

 µ: overall average, 

 M: material effect, 

 G: ground speed effect, 

 R: disc speed effect, 

 D: disc number effect, 

 M*G: material and ground speed interaction, 

 M*R:  material and disc speed interaction, 

 M*D: material and disc number interaction, 

 G*R: ground speed and disc speed interaction, 

 G*D: ground speed and disc number interaction, 

 R*D: disc speed and disc number interaction, and 

 e:  experimental error. 
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The significant effects determined from the ANOVA models, as well as the interactions of the 

simple effects, are indicated below in Table 5.5.  The ANOVA and tables of means of power 

and specific energy for the disc-based analysis can be found in Appendix 6.  

 

Table 5.5: Significant factors affecting disc-based power requirement and specific energy 

Factor Power Requirement S. E. (kW h/t DM) 

Material X X 
Disc Speed X X 
Ground Speed X X 
Disc Number X X 
Material * Disc Speed X X 
Material * Ground Speed X  

Material * Disc Number X X 
Disc Speed * Ground Speed   
Disc Speed * Disc Number   
Ground Speed * Disc Number     

X= Statistically significant at 5% significance level 

 

Duncan’s Multiple Range Test (DMRT) was used to determine significant differences between 

different settings of each significant factor, similar to the statistical analysis performed in section 

4.4.2.  The results of these tests for the disc-based analysis of power and specific energy are 

shown in Table 5.6 and Table 5.7, respectively.   
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Table 5.6: Means and the DMRT grouping of statistically-significant factors from the disc-

based analysis of power 

 

Material 

 

Power  

(kW) 

Timothy grass 3.21 a 

Alfalfa 2.48 b 

 

 

  

Disc Speed 

(RPM) 

Power   

(kW) 

1500 1.55 a 

2000 2.67 b 

2500 4.25 c 

 

 

  

Ground Speed  

(km/h) 

Power   

(kW) 

4.8 2.53 a 

8.1 2.99 b 

11.3 3.05 b 

 

 

  

Disc Number 

 

Power   

(kW) 

2 3.63 a 

3 2.08 c 

4 3.02 b 
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Table 5.7. Analysis and the DMRT grouping of statistically-significant factors from the 

disc-based analysis of specific energy 

 

Material 

 

Specific Energy  

(kW•h/t DM) 

Timothy grass 5.70 a 

Alfalfa 1.81 b 

 

 

  

Disc Speed 

(RPM) 

Specific Energy  

(kW•h/t DM) 

1500 1.99 a 

2000 3.51 b 

2500 5.73 c 

 

 

  

Ground Speed  

(km/h) 

Specific Energy  

(kW•h/t DM) 

4.8 5.00 a 

8.1 3.68 b 

11.3 2.61 c 

 

 

  

Disc Number 

 

Specific Energy  

(kW•h/t DM) 

2 4.70 a 

3 2.64 b 

4 4.24 a 
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Using the results from the zone-based analysis, a similar set of statistical models was used to 

identify the statistically significant factors affecting the power (P_ZONE) and specific energy 

(SE_ZONE) for the converging and diverging cutting zones. 

 

The statistical models for zone-based power and specific energy are as follows: 

 

eDRDGRGDMRMGM

ZRGMZONEP

++++++

+++++=

)*()*()*()*()*()*(

_ µ

, 

(5.16) 

and: 

 

eDRDGRGDMRMGM

ZRGMZONESE

++++++

+++++=

)*()*()*()*()*()*(

_ µ

. 

(5.17) 

 

Table 5.8 outlines the significant simple and interaction effects detected by the ANOVA models 

for power and specific energy from the cutting zone-based analysis.  This analysis identified 

similar significant factors as the disc-based analysis with the exception of the significance of the 

cutting group affecting the specific energy.  Table 5.9 and Table 5.10 present the means and 

DMRT grouping of the statistically-significant factors of the zone-based analysis of power and 

specific energy requirements.  The ANOVA and tables of means of power and specific energy 

for the zone-based analysis can be found in Appendix 7.  

 

Table 5.8: Significant factors affecting zone-based power requirement and specific energy  

Factor Power Requirement (kW) S. E. (kW h/t DM) 

Material X X 

Disc Speed X X 

Ground Speed X X 
Cutting Group† X  

Material * Disc Speed X X 

Material * Ground Speed X X 

Material * Cutting Group   

Disc Speed * Ground Speed   
Disc Speed * Cutting Group   

Ground Speed * Cutting Group     
X= Statistically significant at 5% significance level    † =Converging / Diverging 
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Table 5.9: Means and the DMRT grouping of statistically-significant factors from the 

zone-based analysis of power 

 

Material 

 

Power  

(kW) 

Timothy grass 3.03 a 

Alfalfa 2.34 b 

 

 

  

Disc Speed 

(RPM) 

Power   

(kW) 

1500 1.43 a 

2000 2.54 b 

2500 4.08 c 

 

 

  

Ground Speed  

(km/h) 

Power   

(kW) 

4.8 2.40 a 

8.1 2.70 ab 

11.3 2.94 b 

 

 

  

Cutting Group 

 

Power   

(kW) 

Converging (disc 2&3) 2.83 a 

Diverging (disc 3&4) 2.54 b 
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Table 5.10: Means and the DMRT grouping of statistically-significant factors from the 

zone-based analysis of specific energy 

 

Material 

 

Specific Energy  

(kW•h/t DM) 

Timothy grass 5.26 a 

Alfalfa 1.72 b 

 

 

  

Disc Speed 

(RPM) 

Specific Energy  

(kW•h/t DM) 

1500 1.81 a 

2000 3.29 b 

2500 5.37 c 

 

 

  

Ground Speed  

(km/h) 

Specific Energy  

(kW•h/t DM) 

4.8 4.65 a 

8.1 3.21 b 

11.3 2.60 c 

 

 

  

Cutting Group 

 

Specific Energy  

(kW•h/t DM) 

Converging (disc 2&3) 3.58 a 

Diverging (disc 3&4) 3.40 a 
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5.5 Discussion 

5.5.1 Material effect 

For both the disc-based and zone-based analyses, the required average power to cut grass was 

found to be slightly higher than power required to cut alfalfa (3.21kW vs. 2.48 kW for the disc-

based analysis, and 3.03kW vs. 2.34kW for the zone-based analysis).  However, the average 

specific energy to cut grass was nearly three times that to cut alfalfa (5.70 kW•h/t DM vs. 1.81 

kW•h/t DM for the disc-based analysis and 5.26 kW•h/t DM vs. 1.72 kW•h/t DM for the zone-

based analysis).  The differences in calculated specific energy requirements for grass and alfalfa 

can be explained because the difference in material throughput is taken into account (0.62 t 

DM/h vs. 1.52 t DM/h, respectively). 

 

Torque measured by the instrumented hubs is believed to be composed primarily of cutting 

torque and the torque required for material transport.  The amount of material recirculation 

would have some effect on the power requirements, and hence, the specific energy.  Re-

circulating material enters the cutting zone where it consequently is cut again, increasing power 

requirements.  The lower specific energy requirements for alfalfa may also be explained by the 

fact that the alfalfa was lodged and the co-operative effects of neighbouring plant material may 

offer resistance to movement, acting as a source of countershear (as suggested by Bosoi et al., 

1991).  This additional support, which was not present in the mixed grass, may have had an 

influence on the cutting forces required.  Results for the disc-based and zone-based analysis are 

very similar. 

 

Cutting of agricultural materials involves the compaction of the material under the knife edge 

until yield occurs.  Numerous plant properties dictate the forces required to perform this process.  

Differences in basic plant anatomy may explain the differences in measured cutting power for 

grass and alfalfa.  Grasses, which are a monocotyledon plant, have somewhat different 

mechanical structure than legumes such as alfalfa, which are a dicotyledon plant.  The 

distribution and concentration of sclerenchyma cells (plant fibres) highly influence the 

mechanical structure of plant stalks, including properties such as resistance to bending and knife 

penetration.  In grasses, these cells are commonly concentrated at the outer surface of the plant 

where tensile and flexural stresses are at the highest during bending (Evans et al., 2007).  

Differences in plant structure and fibre concentration may explain the larger value of the 

modulus of elasticity for grass than that of alfalfa.  Increased bending resistance would offer 
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more countershear support, reducing cutting power requirements.  Inversely, increased 

concentrations of fibrous material in plant stalks may suggest increased cutting power 

requirements because the fibres must fail in tension by forces applied by the knife before cutting 

can occur (Sitkei, 1986).  If the difference in cutting power between grass and alfalfa is 

explained by the difference in the modulus of elasticity, this may suggest a greater influence of 

this property on the cutting force Fc than bending force Fu.  

 

 

The cutting power and specific energy requirements for grass and alfalfa are shown in Figure 

5.9. 

 

 

Figure 5.9: Material vs. power and specific energy (disc-based and zone-based analysis) 
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5.5.2 Disc rotational speed effect 

As disc rotational speed increases, the power requirement and specific energy both increase. 

Mower throughput is not affected by disc speed, therefore increasing power requirements at 

constant throughputs will increase specific energy requirements proportionally (Figure 5.10). 

 

Rotary power is directly related to rotational speed and torque as P=�·� (kW).  As found by the 

zero-flow power measurements of the rotating discs, increasing disc rotational speed from 1500 

to 2500 RPM increased power requirements proportionally (0.68 kW to 1.12kW, respectively).  

This suggests a nearly constant zero-throughout torque over the range of disc speeds tested.  

Literature of previous work suggests this power loss was most likely due to the aerodynamic 

friction of the rotating discs (Sitkei, 1986).  The non-zero throughput power requirements (found 

from subtracting the zero-throughput power requirement from the mean power requirements) for 

both the disc-based and zone-based analyses increase by a factor of approximately 3 as disc 

rotational speed increases from 1500 to 2500 RPM.  

 

 

 

Figure 5.10: Disc rotation speed vs. power and specific energy (for the disc-based and 

zone-based analysis) 
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The difference in power requirements may suggest the repeated cutting of material or increased 

material transport power requirements as disc speed increases.  Investigations conducted by 

Bosoi et al. (1991) on rotary mowers concluded that at tip speeds of 100 m/s, initially cut stubble 

undergoes repeated cutting by as many as eight times while at a disc tip speed of 60 m/s this is 

limited to two or three times.  Experiments conducted by Sitkei (1986) found an increase in the 

amount of vertical (upward) material transport as cutting tool speed increased.  This occurred 

when using a blade with a bevelled upper edge, such as the blades found on the cutterbar in this 

experiment.  This reactive force was not present during zero-throughput measurement. 

  

Critical cutting tool speeds of 20-30 m/s (as suggested by Sitkei et al., 1986), were well 

exceeded in this study, even at the lowest disc rotational speed (1500 RPM) which produced a 

cutting tip speed of approximately 52 m/s.  This may suggest that minimal cutting power (and 

specific energy) requirements may be found at much lower cutting speeds than studied, but as 

literature suggests, this may come with problems of poor cutting and possibly poor material 

transport.  Higher rotational velocities reduce the need for a mechanical counter-support because 

this is increasingly ensured by the mass inertia of the material, providing a better cut.   

 

Harvested forage properties may dictate the compromise of cutting performance and reduction 

of power requirements.  As tip speeds approach that of the critical velocity, poorly cut material 

(with incomplete cuts, frayed ends…etc.) will reduce the overall quality of the forage (Persson 

1987).  The torn cut which can be produced by impact cutters may have a detrimental effect on 

the regrowth of the stubble.  Experiments performed by Kanafojski et al. (1976) concluded that 

plants, especially alfalfa, sprout again slower than after cutting with reciprocating sickle 

mowers.  Likewise, tests performed by Klinner et al. (1971) studied stubble length and regrowth 

from different mowers, verifying that impact mowers retard the regrowth somewhat, but do not 

reduce the overall yield.  Similar concerns of frayed cutting were suggested by Shinners (2004) 

and Bosoi et al. (1991) relating to yield reduction as a result of cutting with dull blades.   
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5.5.3 Groundspeed effect 

Material movement at low speeds was observed to exhibit a stalling effect, where cut material 

would not enter the conditioning system, but would re-circulate or build up in front of the 

cutting zone.  This may have a significant effect on the overall power requirements at low 

ground speeds.  Bosoi et al. (1991) suggested the implementation of equipment which removes 

cut plant mass from the knives during their working phase when operating at slow speeds to 

reduce repeated cutting for this very reason.   

 

Figure 5.11 illustrates an undeveloped flow stream across discs 3 and 4.  These images are from 

a high-speed video that was captured while cutting grass at 4.2 km/hr, with disc rotational 

velocity of 2000 RPM.  Direction of mower travel is from right to left.  The following details 

describe the events as illustrated in Figure 5.11: 

 

a)   the positions of discs 3 and 4, and the diverging cutting zone created, 

b)   material is collecting at the leading edge of the cutterbar diverging zone, 

c)   enough material has accumulated to force material across the cutterbar, 

d)   material is being transported across the cutterbar, 

e)   material is once again beginning to accumulate in front of the diverging zone, and 

f)   material flow across the diverging zone has ceased. 

 

This particular event (from “b” through “f”) occurred over approximately 1000 milliseconds, 

and was noticed in a reoccurring pattern.  The event as described was noticed to occur primarily 

at low ground speeds in light grass. 
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Figure 5.11: Video frames of grass being cut over the diverging cutting zone 
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Material throughput across the cutterbar is directly related to ground speed.  An increasing 

ground speed resulted in a marginal increase in power requirements for both the disc and zone-

based analyses; however, increasing ground speed caused a reduction in specific energy 

requirements (Figure 5.12). The marginal increase in power requirements may be explained by 

the increased amount of recirculation which occurs at lower groundspeeds.  From visual 

observation of the high-speed videos captured of the mower cutterbar in operation, it was 

apparent that material flow streams did not fully develop until a consistent flow of material 

across the cutterbar was established.  Higher rates of approaching material may promote the 

development of flow streams by forcing material across the cutterbar more quickly.  

 

The marginal increase in power requirement with increasing ground speed may also suggest a 

trade-off with increasing cutting power requirements and decreasing transport power 

requirements.    

 

 

Figure 5.12: Groundspeed vs. power and specific energy (disc-based analysis and zone-

based analysis) 
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5.5.4 Disc number and cutting zone effect 

For both the power and specific energy measurements, similar results were found for disc 

number 2 and 4.  The specific energy requirements of discs 2 and 4 were significantly similar at 

the 5% significance level.  However, power measurements for disc 3 showed power 

requirements of nearly half (2.08 kW vs. 3.63 and 3.02 kW) that of disc 2 and 4.  These 

differences may be explained by the neighbouring disc’s influence on material flow.  While 

discs 2 and 4 have interference flow patterns at the junctions between disc 1&2, and 4&5, 

respectively, disc 3 has co-operative flow junctions with its neighbouring discs, 2 and 4 (as 

illustrated in Figure 5.13).   Specific energy requirements yielded proportionally similar results, 

with disc 3 requiring 2.64 kW•h/t DM vs. 4.70 and 4.24 kW•h/t DM for disc 2 and disc 4, 

respectively.  Because the width of the conditioner is less than that of the cutterbar, the outer 

discs must transport the material inwards.  By doing so, material from disc 1 is transported 

inwards towards disc 2 where it enters a flow stream (between disc 2 and 3) and then enters the 

conditioner.  Therefore, a certain amount of the power requirement for disc 2 could be 

contributed to transporting material originally cut by disc 1.  Furthermore, disc 2 may be re-

cutting an amount of material from disc 1, particularly when cutting with other factors that have 

shown to cause poor material flow and recirculation (such as cutting grass at low ground 

speeds).  This may explain the detection of Material*Disc interaction as a significant factor for 

both power and specific energy.  Disc 4 does not experience this effect by its neighbouring 

blades because it is not part of a major material flow stream.  This may explain why the power 

requirements and specific energy requirements for disc 2 are slightly higher than disc 4.  

Furthermore, it can be seen that power requirements and specific energy requirements for the 

converging cutting zone are slightly higher than that of the diverging cutting zone, due to the 

effect of material introduction from disc 1.  Graphical representations of the results are found in  

Figure 5.14 and Figure 5.15. 

 

Figure 5.13: Disc rotation direction and effects of neighbouring discs studied 
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Figure 5.14: Power and specific energy requirements of disc 2, 3, and 4 (disc-based 

analysis) 

 

 

Figure 5.15: Power and specific energy requirements of converging and diverging zones 

(zone-based analysis) 
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5.6 Conclusion  

 

The instrumented disc drive hubs recorded torque measurements during mower operation and 

the power and specific energy requirements were successfully found.  Zero-throughput power 

measurements of 0.7, 0.9, and 1.1 kW were found for disc rotational speeds of 1500, 2000, and 

2500 RPM, respectively.  Operating disc power measurements ranged from 1.55 to 4.25 kW.  

Specific energy measurements ranged from 1.81 to 5.71 kW·hour/tonne DM.  The analysis of 

the field data and the observation of the working prototype led to the following conclusions: 

 

• By statistical analysis, all of the main factors affecting the cutterbar power requirements 

were found to be significant.  All of the main factors, with the exception of the cutting 

group, were found to affect the specific energy significantly.   

• Grass was found to have similar power requirements as alfalfa, however grass had a 

much higher specific energy requirement. 

• Power requirements and specific energy increased proportionally with increasing disc 

rotational speed. 

• Little variation was found in power requirements with a range of groundspeed.  This 

may have been a result of the mower not reaching maximum capacity. However, 

specific energy decreased with increasing groundspeed, which is directly related to the 

material throughput.  

• Disc 3 had a lower power requirement than disc 2 or 4 due to the cooperative cutting 

interaction with the neighbouring discs.  Disc 2 had a slightly higher power requirement 

than disc 4 due to the material transported inwards from disc 1 towards the conditioning 

system.  As a result, the converging cutting zone (discs 2&3) had higher power 

requirements than the diverging set of discs (3&4). Results were similar for specific 

energy requirements.   
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6. RELATING MATERIAL FLOW ANGLE AND SPECIFIC 

ENERGY 

6.1 Introduction 

The purpose of this research was to determine a relationship between the specific energy 

requirements of the mower and the results found from the material flow optical flow analysis.  A 

polynomial regression was applied under the assumption that a relative minimum in specific 

energy requirements would exist at an average material flow angle near zero (directly across the 

cutterbar, parallel with the direction of travel).   

 

6.2 Objectives 

The objectives of this analysis were to:  

• develop relationships between the material flow angle and specific energy and 

• use the relationship to determine optimum material flow angle with respect to specific 

energy requirements. 

 

6.3 Material and methods 

Specific energy measurements were taken for three drive hubs; however, high-speed video was 

captured at 2 positions (converging and diverging).  In order to properly compare the vector 

flow angles and the hub data, an assumption was made to group the data from the 3 hubs into 2 

cutting zones.  The zone-based specific energy results (found in Section 5.4.1) were regressed to 

the average flow angle as found using the optical flow algorithm (found in Section 4.4.1).   

 

A polynomial regression was fit to the zone-based instrumented hub results together with the 

high-speed average flow vector results to determine the relationships and to in investigate 

possible trends.  A relative minimum was assumed to exist which would indicate a minimum 
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value for specific energy at a certain average material flow angle (Ø).  Relative minimums were 

identified from a set of second order polynomial regressions: 

32
2

1 CCCSE ++= φφ
, 

(6.18) 

where C1 , C2  ,and C3  are the polynomial regression coefficients. 

Regressions were performed for both grass and alfalfa, in both the converging and diverging 

cutting zones.  For each regression, MS Excel® was used to fit the polynomial regression 

coefficients in order to find a minimum specific energy. 

 

The derivative of the regression model (equation 6.18) was equated to zero to identify the 

material flow angle (Ø) at which minimum specific energy requirements occurred:   

1

2

2C

C
−=φ

. 

(6.19) 

6.4 Results 

Table 6.1 outlines the results from each polynomial regression, together with the coefficients of 

determination (R2).   

 

Table 6.1: Curve-fitting values for the polynomial regression 

 

Zone Material C1 C2 C3 R2 

converging alfalfa 0.018 0.296 2.639 0.42 
  grass 0.027 0.468 6.053 0.30 

diverging alfalfa 0.041 -0.086 1.413 0.38 
  grass 0.156 -0.179 3.455 0.46 

 

 

Table 6.2 presents the optimal (minimal) specific energy requirements as found using equation 

6.19.  Figure 6.1 and Figure 6.2 illustrate the relationship between average material flow angle 

and specific energy requirements.  The data is highly scattered and the relationships drawn 

produce low R2 values; however, trends which may be used to identify the optimal material flow 

angles are still apparent.   
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Table 6.2: Optimal measured material flow angles relating to minimum specific energy 

requirements for alfalfa and grass  

 

Cutting Zone Grass Alfalfa 

  
Angle 

(degrees) 
R2 
 

Angle 
(degrees) 

R2 
 

Converging -8.6 0.30 -8.3 0.42 

Diverging 0.6 0.46 1.1 0.38 
 

 

 

 

Figure 6.1: Average converging material flow angle vs. grass and alfalfa specific energy 

requirements  
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Figure 6.2: Average diverging material flow angle vs. grass and alfalfa specific energy 

requirements  

 

6.5 Discussion 

The data used for the polynomial regression produced a fit with high amounts of scattered data, 

however a relationship was identified.  At -8.6 and 0.6 degrees for converging and diverging 

cutting zones, respectively, grass was found to show minimum specific energy requirements.  

Similarly, minimized specific energy requirements for alfalfa were found at -8.3 and 1.1 degrees 

for the converging and diverging cutting zones, respectively.  The converging cutting zone 

studied is influenced by the material transported from disc 1, and therefore experiences an off-

center material flow (of approximately -8 degrees for both material types).  This may also be 

attributed to the required inward flow towards the conditioner rolls, which are narrower than the 

cutterbar.  If material flow across the cutterbar is related to material flow through the 

conditioning system, the conditioning system may be drawing material from the converging 

cutting zone inwards, towards the center of the mower.  The diverging cutting zone does not 

experience any effect from neighbouring discs, and maintains material flow (almost) directly 

across the cutterbar for both material types.  However, low correlations of determination (R2), 

ranging from 0.31 to 0.46, indicate a poor quality of fit between the polynomial regression trend 

line and the measured data.   
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The low R2 values of the polynomial regression may be explained by the exclusion of both the 

disc speed and groundspeed variables.  This may reflect the relevance of studying the 

relationship between average material flow angles and these experimental factors.  These two 

factors were identified as statistically significant for both the zone and disc-based analysis in 

Section 1.1, but minimum specific energy values for each factor may not necessarily occur at a 

material flow angle of zero degrees.  Disc speed or groundspeed values which may minimize 

specific energy requirements may or may not necessarily promote material flow directly across 

the cutterbar, and therefore may be a source of model error. 

 

 

6.6 Conclusion 

The analysis of the relationship between specific energy and the material flow angles found has 

lead to the following conclusions: 

 

• A relationship between the specific energy was made to the flow vector angles; 

however, no clear correlation was found. 

• As expected, the prototype disc mower cutterbar under study was found to have 

apparent minimal power requirements and specific energy requirements at material flow 

angles near zero degrees (straight across the cutterbar). 

• The converging cutting zone between discs 2 and 3 was found to have an inward 

material flow towards the center of the mower.  This may be explained by the relative 

location of the cutting zone studied with respect to the inlet of the conditioning system. 
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7. MODELING OF THE SPECIFIC ENERGY REQUIREMENTS 

7.1 Introduction 

The main objective of this research was to develop three models which could predict the specific 

energy for given operational parameters of the mower cutterbar under study.  An analytical 

model and two regression models were developed.  The models should identify factors to 

consider in the design which will provide insight on ways to improve cutterbar efficiency. 

 

7.2 Specific objectives 

The main objective of this research was to develop models to describe the specific energy 

requirements of the prototype disc mower cutterbar in given field condition, in both the 

converging and diverging cutting zones.   

 

The objectives of this work were to:  

• develop analytical equations predicting specific energy requirements for the converging 

and diverging cutting zones, and 

• develop a piece-wise linear regression and a power-type regression model for the 

prediction of specific energy requirements for both the converging and diverging cutting 

zones. 
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7.3 Analytical model of specific energy requirements 

7.3.1 General model 

The general specific energy requirement model, as adapted from the analytical model developed 

by Nieuwenhof (2003), takes into account the cutting and transport terms in the following 

equation: 

)1( MCQ

P
SE Total

−
=  

(7.20) 

where:  

 PTotal: total power (W), 

 Q: mass flow rate (wet basis, t/h), and 

 MC: crop moisture content (decimal). 

  

An analytical model was created by calculating the required power for the cutting term and the 

power required to transport cut material across the cutterbar.  These terms were equated to the 

experimental total power requirements PTotal (as data collected from the instrumented hubs).  

The power measured by the hubs is outboard of the cutterbar drive-train system; therefore 

driveline losses are not included in the total power measured.  The model was fit to experimental 

data by the adjustment of the material coefficient Km and the cutting and transport modeling 

coefficients C’ and Tr’, following the equation: 

0
'' )( PPPKP

Tr

Tr

C

cmTotal ++=
. 

(7.21) 

 

For the prototype cutterbar, P0 values of 0.68, 0.94, and 1.11 kW were found for individual discs 

running at 1500, 2000, and 2500 RPM, respectively.  P0 was considered in the model because 

the amount of zero-load power included in the cutting power measurements (to which this model 

is fit) is unknown.  
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7.3.2 Cutting power 

In the proposed model, cutting power for each disc was calculated based on the work required to 

cut a single stem of grass and the rate at which stalks are cut.  The harvesting rate p’ 

(stems/second) was found as: 

    

hubgDvPopp )(=′
 

(7.22) 

where:  

 Pop: plants population (stems/m2), 

 vg: ground speed of mower (m/s), and 

 Dhub: distance between mower disc hubs (m). 

 

The tip velocity of a disc blade vtip, may be calculated by:  

rvtip ⋅= ω
 

(7.23) 

where � is the disc rotational speed (rad/s) and r is the knife tip radius (m).  Following the 

assumption that cut plant material is accelerated uniformly to knife velocity (Godeša (2004), 

acceleration a may be represented by combining equation 2.5 with equation 7.23 where: 
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Equation 2.3 as described by Persson (1987) was used to describe the force required to cut a 

single stem of grass by means of impact cutting.  Combining this equation with 2.7 and 7.24 

results in the total cutting force required to cut a single stem, where: 
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Considering the cutting force is uniform throughout the cut of the stalk diameter d, and using 

equation 7.22 with 7.25, the cutting power may be calculated as: 
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Equation 7.26 is based on the cutting model as described by Persson (1987) and assumptions 

made by Godeša (2004) with terms added to include the harvesting rate and stalk diameter. 
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7.3.3 Transport power 

Transport power was defined as the power required to move material across the cutterbar.  

Velocity of the material moving across the cutterbar was determined from the high-speed videos 

of each combination of factors in the experiment.  The mass of the material on the cutterbar at 

any time was estimated from material throughput of the mower for grass and alfalfa at different 

ground speeds.   

  

The mass at any time above the cutterbar (mtr) was assumed to be equal to the mass in the field 

of the same area.  This area is equal to the effective cutting diameter of the disc, 2r, and the 

width between each hub, Dhub, in the cutting pair (Figure 7.1).  This applies to both the 

converging and diverging cutting zones. 

 

 

Figure 7.1: Derivation of transport mass mtr 

 

 

Transport mass mtr can be found from the plant mass m, harvesting rate p’, ground speed vg, and 

the cutting tip diameter (which is twice that of the tip radius r), according to the equation: 
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Combining with equation 7.22, mtr can be described by: 

rDPopmm hubtr ⋅⋅⋅= )(2
. 

(7.28) 



82 

   

The relative velocity (vr) of the material being transported across the cutterbar was determined 

from the high-speed video analysis.  The transport energy ETr was found from:  

( ) 222 )()(2
2

1

2

1
relhubrelhubreltrTr vrDPopmvrDPopmvmE ⋅⋅⋅⋅=⋅⋅⋅== . 

(7.29) 

The average material flow angles found from the high-speed video analysis were used to 

determine the actual distance traveled across the cutterbar.  Time for material travel (
TrT ) is 

known from the velocity of material across the cutterbar.  This was found using the following 

equation, with the inclusion of the material average flow angle ø, where: 
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Therefore, transport power Ptr is found from equation 7.29 and 7.30, where: 
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Combining equations 7.20, 7.21, 7.26, and 7.31, the complete model was obtained as: 
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(7.32) 

where throughput SE is expressed in terms of kW·h/t on a dry basis.  Q (t/h) can be determined 

from harvest rate p’, and m, the mass per stalk (kg) following the equation:  

mpQ '6.3 ⋅= . (7.33) 
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7.3.4 Empirical model fitting 

Using the properties of alfalfa and grass from both field measurement (Appendix 3) and 

literature (Table 7.1), the analytical model was fit to the data from the zone-based specific 

energy measurements (Section 5.4).  The model was fit to experimental measurements for the 

specific energy by adjusting the coefficients Km, C’, and Tr‘ accordingly.  The results for the 

cutting and transport coefficients (C’ and Tr‘) for the converging and diverging cutting zones, 

and the material constant Km for grass and alfalfa are listed in Table 7.2.    

 

Table 7.1:  Parameters for analytical model  

Parameter  Grass Alfalfa 

d (m) 0.0022 0.0033 
m (kg) 0.001 0.008 
z (m) 0.15 0.15 
E (GPa) 7.7 0.79 
h (m) 0.23 0.30 

Pop (plants/m2) 650 175 
 

Table 7.2:  Material and cutting zone coefficients from fitted analytical model  

Material Coefficients     

 Grass Alfalfa 
Km 1.205 0.3084 

   

Cutting Zone Coefficients     

 Converging Diverging 
C’ 0.8991 0.8839 

Tr‘ 0.3490 0.1679 

 

The analytical models were fitted to the experimental data for the converging and diverging 

cutting zones with R2 values of 0.80 and 0.79, respectively.  Error in the analytical model may 

be attributed to error in the optical flow analysis, the absence of aerodynamic properties of 

modelled transport and cutting components, and other various assumptions made in the 

derivation of the model.  The model is limited to experimental parameters within the scope of 

research performed.  Figure 7.2, Figure 7.3, Figure 7.4, and Figure 7.5 show the analytical 

model fit to the experimental data for the two cutting zones.  The various combinations of 

effects are listed on the horizontal axis, in order of increasing specific energy requirements.   
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Figure 7.2: Analytical model of specific energy vs. experimental data for the converging 

cutting zone for grass 

 

 

Figure 7.3: Analytical model of specific energy vs. experimental data for the diverging 

cutting zone for grass 
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Figure 7.4: Analytical model of specific energy vs. experimental data for the converging 

cutting zone for alfalfa 

 

 

Figure 7.5: Analytical model of specific energy vs. experimental data for the diverging 

cutting zone for alfalfa 
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7.4 Regression models 

Two different regression models were produced in order to predict the specific energy as a 

function of different combinations of effects.  Each regression model was fitted to the 

experimental data using model coefficients.  From the statistical analysis performed in Section 

5.4.3, it was found that all of the main effects (disc rotational speed, groundspeed, material, and 

cutting zone) were statistically significant in the determination of the cutterbar specific energy.  

A piecewise linear regression model and a power-type regression model were developed from 

the experimental data. 

7.4.1 Piece-wise regression model 

A piece-wise linear regression model was used to represent the specific energy in terms of disc 

rotational speed, ground speed, and material.  Unlike the analytical model which incorporates 

material properties, the piece-wise model separates material types because non-numerical factors 

cannot be included in a numerical regression model.  These piecewise linear regressions were 

performed for both the converging and diverging cutting zones.  Each piece of the linear 

regression followed the equation: 

)()( 21 gO vRRRSE ++= ω , (7.34) 

where R0, R1, and R2 were evaluated independently for grass and alfalfa, in both cutting zones.  

The coefficients found for the fitted models (Table 7.3) resulted in R2 values of 0.95 and 0.97 for 

the mowing grass in the converging and diverging cutting zones, respectively.  Similarly, R2 

values of 0.70 and 0.86 where found for the mowing alfalfa in the converging and diverging 

cutting zones, respectively 

 

Table 7.3:  Material and cutting zone coefficients from fitted piecewise regression model  

    Converging Diverging 
Alfalfa R0 1.374 0.114 

 R1 0.0119 0.0140 
 R2 -0.866 -0.686 
     

Grass R0 -2.699 -3.130 
 R1 0.0520 0.0583 
  R2 -1.319 -1.694 

 

Figure 7.6, Figure 7.7, Figure 7.8, and Figure 7.9 illustrate the piece-wise regression model fit to 

the experimental specific energy for the converging and diverging cutting zones.  
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Figure 7.6: Piecewise-linear model of specific energy vs. experimental data for the 

converging cutting zone for grass 

 

 

Figure 7.7: Piecewise-linear model of specific energy vs. experimental data for the 

diverging cutting zone for grass 
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Figure 7.8: Piecewise-linear model of specific energy vs. experimental data for the 

converging cutting zone for alfalfa 

 

 

Figure 7.9: Piecewise-linear model of specific energy vs. experimental data for the 

diverging cutting zone for alfalfa 
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7.4.2 Power-type regression model 

A second regression model was performed which included the effect of material throughput 

rather than excluding the material effect from the model as in the piecewise regression model.  

Because throughput, Q, is dependent on both the ground speed, vg, and the material type, they 

may be represented in the regression model as throughput, thus eliminating the problem of the 

non-numerical material treatment.  A power-type regression model was used to model the 

specific energy at different throughputs and disc speed, �, for both the converging and diverging 

cutting zones: 

21 BB

o QBSE ⋅⋅= ω
 

(7.35) 

where B0, B1, and B2 are the model coefficients.  The coefficients found for the converging and 

diverging regression models are listed in Table 7.4. 

 

Table 7.4:   Coefficients from the fitted power-type regression model 

  Converging Diverging 
Bo 0.00007398 0.00001405 
B1 2.022 2.321 
B2 -1.017 -1.138 

 

 

The models were found to fit the experimental data obtained for the cutterbar specific energy 

with R2 values of 0.79 and 0.80 for the converging and diverging cutting zones, respectively.  

The regression models are illustrated in Figure 7.10, Figure 7.11, Figure 7.12, and Figure 7.13. 
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Figure 7.10: Power-type regression model of specific energy vs. experimental data for the 

converging cutting zone for grass 

   

 

 

Figure 7.11: Power-type regression model of specific energy vs. experimental data for the 

diverging cutting zone for grass 
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Figure 7.12: Power-type regression model of specific energy vs. experimental data for the 

converging cutting zone for alfalfa 

 

 

 

Figure 7.13: Power-type regression model of specific energy vs. experimental data for the 

diverging cutting zone for alfalfa 
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7.5 Discussion 

The different models developed will show obvious differences on the information they provide, 

depending on the model input.  The analytical model takes into account a larger amount of 

variables that are not subject to the regression models, such as material properties.  The highly 

variable effects of the parameters involved make an analytical estimation of cutting forces 

difficult to accurately predict.  Due to the non-homogenous and complex structure of plant 

materials, the experimental results of biological material properties often result in high amounts 

of variation.  The regression models are based solely on field data and therefore cannot be 

applied to different field conditions.    Both the analytical and regression models are valid within 

the range of the experimental factor levels, and cannot be transferred for use outside of these 

constraints.   

 

7.5.1 Analytical model 

According to the analytical model, the proportions of specific energy due to zero-throughput 

operation, cutting, and transport were approximately 34, 62, and 4%, respectively.  An unknown 

amount of material transport power is provided by the aerodynamic losses as measured by the 

zero-throughput power requirements.  The relatively low amount of energy required for material 

transport considered in the model only describes transport in the horizontal plane.  Cut material 

velocity transported across the cutterbar was found to marginally increase in speed compared to 

ground speed (1.8 m/s average relative speed), which would result in low power requirements.  

However, it is difficult to identify the amount of material transport for which the conditioner 

system is responsible.  Cut material may be drawn towards the conditioner system by other 

forage material which has already entered the conditioner.  This may be especially true for 

plants with properties that tend to tangle and hold to one another, such as alfalfa.  Experimental 

videos performed in the fall of 2004 using a miniature camera displayed interesting results of 

vertical transport over the cutterbar.  Similar results were found in the summer of 2005 using a 

high-speed imaging camera.  These results suggest further research in order to determine the 

degree of specific energy required for the vertical transport.  The vertical transport may then be 

applied to the analytical model to better describe the specific energy requirements.  From visual 

observation of the high-speed video captured from the side of the cutterbar (which also shows 

the material entering the conditioning rollers) it is apparent the majority of material acceleration 
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through the mower is caused by the conditioning system.  As previous experiments from 

literature would suggest, these conditioning systems have been found to consume nearly 1/3 of 

the total mower power requirements.  Similarly, instrumenting the conditioner drive and the 

tractor PTO would provide an idea of the conditioner power requirements with respect to the 

total mower power requirements.   

 

The zero flow power P0, which is included in the analytical model, is believed to be composed 

primarily of aerodynamic friction.  The experimental measurement of this power loss may 

possibly be modelled and verified using a fluid dynamics program which could then possibly be 

used to minimize these losses.  Reduction of this component would improve overall mower 

efficiency, but the aerodynamic forces involved are also believed to be a significant factor in the 

vertical material transportation process.   

 

Additional measurements on the cutterbar would be necessary in order to properly derive an 

analytical model.  The separate measurement of the load on the cutting blade and the driving 

components which transport the material would be necessary to properly represent the two 

model components analytically; however the difficulty associated with separately measuring 

these two actions would be very difficult considering the cutting disc and attached blades serve 

the purpose of both the cutting and transporting.  Furthermore, the high amount of variability 

found in literature for the modulus of elasticity of grass and alfalfa may suggest the requirement 

for the specific measurement of the cut material rather than relying on prior work.  

 

7.5.2 Piece-wise model 

The piece-wise regression model produced different results for alfalfa and grass, namely for the 

coefficient R0.  For both alfalfa and grass, the rotational velocity � was shown to have a 

somewhat marginal influence on the specific energy for the converging and diverging cutting 

zones. This is identified by the coefficient R1, which was 0.0119 vs. 0.0140 for alfalfa, and 

0.0520 vs. 0.0583 for grass.  This agrees with the DMRT grouping in Section 5.4,3, which 

suggests that the cutting zone is not a significant factor for specific energy.  The regression also 

displayed ground speed having an inverse effect on specific energy.  This can be explained 

because increasing groundspeed directly increases material throughput Q, reducing specific 

energy.  The regression coefficients for grass (for both the disc rotational velocity and 

groundspeed) were of greater magnitude than that for alfalfa.   
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The piecewise regression model coefficient R0 is a constant offset to the specific energy, 

suggesting a non-zero minimum specific energy.  As ω  and gv approach zero, the model 

specific energy will approach the value of R0, resulting in model error.  In this situation, the 

model would produce an overestimate for alfalfa, and an underestimate for grass when 

considering the model coefficients in Table 7.3.  However this error is not obvious within the 

range of experimental data to which the model has been fit.  

 

7.5.3 Power-type regression model 

The power-type regression model suggests that the specific energy increases exponentially with 

rotational velocity, which has an exponent of 2.02 for both the converging zone, and 2.32 for the 

diverging zone.  This may be explained because particle acceleration is a function of the square 

of the disc rotational velocity (as per equation 2.6).  This would suggest that disc rotational 

velocity be kept to a minimum in order to conserve power.  The exponent of throughput Q 

suggests that specific energy requirements decrease exponentially as throughput increases.  The 

power-type regression ignores the material property differences between grass and alfalfa; 

therefore, the throughput Q can be assumed to be a function of the material and ground speed.  

Both regression models are in agreement with the influence of disc rotational velocity and 

throughput on specific energy.  However, the coefficients of determination for the power-type 

model (0.79 and 0.80 for the converging and diverging zones, respectively) were lower than that 

for the other models.  The generalization of material properties (by not differentiating between 

alfalfa and grass) may result in a lack of detail and therefore a reduction in accuracy.   

 

Both the analytical model and the power-type regression models suggest an exponential increase 

in specific energy as a function of throughput.  This agrees with results found in literature (Šesák 

et al., 2002).  Therefore the power requirements of the cutterbar could be considered to be non-

linear, which agrees with the experimental results and the proposed models.         

 

As throughput, Q, tends to zero, the power-type regression model has a minimum specific 

energy asymptotic to zero, similar to the analytical model.  The throughput coefficient B2 is a 

negative value, indicating an inverse relationship between specific energy and throughput.  This 

is similar to the effect of the negative R2 coefficient for ground velocity found in the piecewise 

regression model.   
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7.6 Conclusion 

 

The main objective of this research was the development of various models which describe the 

specific energy requirements of the prototype disc mower cutterbar.  All of the main effects 

identified as being significant experimental factors were either directly or indirectly included in 

each model.  Three different models were proposed and the following conclusions were made: 

 

• An analytical model, based on a cutting model as suggested by literature (Persson, 1987) 

and the results of the high-speed imaging data, were developed for the converging and 

diverging cutting zones with R2 values of 0.80 and 0.79, respectively. 

  

• A piece-wise regression model, which took into account the effect of alfalfa and grass, 

was fit to the converging and diverging cutting zones with R2 values of 0.94 and 0.96, 

respectively.  

 

• A power-type regression model which used dry matter throughput and cutterbar disc 

speed to determine the specific energy requirements for both the converging and 

diverging cutting zones was found with resulting R2 values of 0.79 and 0.80, 

respectively.  This model combined the material effect as part of material throughput, 

eliminating the problem of a non-numerical treatment.   

 

• The analytical model and the power-type regression model both have a minimum 

specific energy asymptotic to zero, unlike the piece-wise regression model.  This would 

cause the models to diverge as they approach zero-throughput conditions.  Both the 

piece-wise regression and the power-type regression models were fitted using 

coefficients that suggest an inverse relationship between material throughput and 

specific energy requirements.  All three models indicate increasing specific energy 

requirements with increasing disc rotational speed. 
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8. GENERAL DISCUSSION AND RECOMMENDATIONS  

 

The experiments involved in this study were designed to provide a preliminary idea of the 

underlying working mechanics of the prototype disc mower cutterbar.  However further research 

and improvements could be suggested.  Although the experiments covered different aspects and 

variables involved in the operation of the prototype disc mower cutterbar, the effect of each 

variable presented could not be validated independently due to the complex nature of the 

cutterbar operation.  It would be very difficult to perform separate analyse on the cutting and 

transport effects of the cutterbar because they are related.  Both actions are performed by 

common mechanical components and the individual analysis would not be representative.  

However, analytical impact cutting models as those found in literature may be used to create 

representative models which are derived from both the cutting and transport components.  

Assumptions were made to help discriminate the effects of these different factors.   

 

8.1 Factorial experiment  

It could be recommended that a broader range of variables be used in further experiments.  The 

experimental errors within a narrow range of results are more influential than those over a larger 

range of results, providing clearer and more definite trends.  This may also help identify possible 

critical values for the model, such as optimizing the experimental factors that would lead to 

minimal specific energy requirements.  The wider range of experimental factors would help 

better define the proposed model.  For example, the grass cut required more than double the 

specific energy to cut than the alfalfa, but this was limited to material harvested in two specific 

fields.  Maximum ground speed was limited to 11.3 km/h because the field was very rough, 

however higher speeds and higher throughputs may have been possible. Testing different shapes 

of blades would also be recommended.  The analysis was limited to a single type of blade.  

Moreover, the effect of blade sharpness on cutting power was not investigated, which is related 

to cutting force as suggested by literature.  Considering approximately one third of the mower 
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power requirement is used by the conditioning system, the investigation and improvement of the 

conditioning systems (flails vs. rolls) would be suggested in order to further reduce specific 

energy requirements.  Additionally, performing a similar analysis using different styles of discs, 

or the addition of accelerator paddles to the discs, should be studied when considering material 

lift and transport.  On this specific machine, the zero-throughput power requirements (assumed 

to be composed primarily of aerodynamic losses) constituted as much as approximately 1/3rd of 

the total power requirements.  Studying the working transport elements would help identify 

critical differences in disc design and possibly suggest change which could reduce a large 

component of the mower power requirement.  Performing similar experiments on cutting zones 

towards the center of the cutterbar may be recommended in order to avoid the effect of the 

relative position of the conditioner to the cutting zone studied.  Furthermore, performing similar 

experiments on the cutting zones found between co-rotating cutting pairs (produced by two 

adjacent discs rotating in the same rotation) may also be recommended.  Results from the 

research performed suggest increased power requirements in these zones. 

 

The statistical analysis found that all of the experimental factors significantly affected the 

specific energy.  It is inevitable that the machine will be used to mow both grass and alfalfa 

therefore the suggestion of mowing one rather than the other is unrealistic.  However, the 

information gained from studying material type helps improve the mower design and identify 

cutterbar performance differences in different materials.  Unless changes are made to the 

cutterbar design, converging and diverging cutting zones are unavoidable.  The direction of disc 

rotation on a cutterbar may vary between different manufacturers and cannot be easily changed 

without major modifications in cutterbar design.  However, the disc speed and ground speed are 

two factors that are controlled by the operator and therefore suggestions may be made pertaining 

to machine operation.  Results from the models suggest that reducing disc rotational speed and 

increasing ground speed minimize specific energy.   
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8.2 Analysis of material quality 

The disc rotational velocity was found to have a significant effect on the power requirements of 

the mower; however, this does not consider the quality of cut material.  The critical velocity for 

impact cutting forage was much lower than the blade tip velocity on the rotating discs.  The 

minimization of blade tip velocity (approaching the critical cutting velocity) would dramatically 

reduce the overall system power requirements.  Cutting with a disc speed of 2500 RPM required 

nearly three times as much specific energy as cutting at 1500 RPM.  However, as suggested by 

literature, material cut at higher velocities will have higher quality and will reduce stubble 

damage although requiring higher power.  The operator may find the increased forage quality 

more desirable financially than simply minimizing the specific energy.  Although possibly 

impractical, the implementation of a counter-shear device (such as counter-rotating discs or a 

static counter-shear) may be considered to further reduce disc rotational speeds.  Boisi et al. 

(1991) suggest that the best quality and least amount of stubble loss is obtained when using a 

blade inclined towards the direction of travel of the rotor rather than oriented radially (as the 

blades used in this experiment).    

 

From the analysis of the high-speed videos, it was found that the diverging cutting zones 

produced inconsistent material flow pattern.  It was also noticed (from visual inspection of the 

harvested field) that the cutting performance and stubble losses were worse in crop that was cut 

by the diverging cutting zones.  Eliminating the diverging cutting zones is not a valid option 

considering the requirements of creating flow streams across the width of the conditioners; 

however, research pertaining to improving diverging cutting zone performance could be 

investigated.  As mentioned earlier, the material distribution across the width of the conditioner 

is critical for optimal forage conditioning.  Comparative analysis between different disc and 

blade design could be performed, similar to the analysis procedure covered in the research of 

this thesis.  Further studies of the material handling between the cutterbar and the conditioning 

system may also be investigated.  Preliminary high-speed video experiments which filmed 

vertical material flow show different degrees of lift as it enters the conditioner (using different 

combinations of groundspeed, material, and disc rotational velocity).  This may offer some 

insight on the material lifting component of the cutterbar in terms of other experimental 

variables. 
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8.3 Recommendations and improvements for data collection 

No previous work existed to suggest or recommend ideas to follow when constructing the 

instrumented hub or applying an optical flow algorithm to the high-speed imaging of material 

flow across a cutterbar.  A number of overall improvements to the experimental design could be 

suggested.  The instrumented hub design worked well although more memory (which would 

allow longer data acquisition) could be recommended.  In order to better understand the effects 

of neighbouring discs, it may be beneficial to expand the study to the other discs and other 

cutting zones on the cutterbar.  For example, on this specific mower the converging cutting zone 

between discs 5 and 6 should be similar to that of 2 and 3, but with the inclusion of the 

neighbouring effect of disc 4. 

 

Finding improved methods of illuminating the material as it is crossing the cutterbar (without 

lighting airborne material in front of the camera) could be suggested.  The airborne material, 

whether it is dust or small pieces of cut material, could have the potential to produce errors when 

considering the optical flow analysis.  Once the vector field is averaged these errors are minimal, 

but with careful planning they may have been eliminated completely.  Similarly, rather than 

averaging the errors into the optical flow results, a windowing filter may have been applied to 

remove the vector field outliers.  Positioning the camera further from the cutterbar (or using a 

wider-angle lens) would provide a larger viewing window and therefore a larger vector field.  

The use of a wide angle lens (such as the one used) will produce an amount of optical distortion 

towards the edges of the captured image.  Determining the distortion factors of the lens (from 

performing a lens calibration) and digital remapping the captured images may correct for this 

distortion error, but this was not performed for this research as the amount of distortion was 

assumed to be minimal.  Positioning the camera further away from the cutterbar was not 

possible on this machine because it would interfere with swinging the drawbar from side to side.  

A camera capable of capturing longer duration video segments would have also been beneficial. 
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9. GENERAL CONCLUSIONS 

The experimental study of a prototype disc mower was performed and models to predict the 

specific energy requirements were developed through the analysis of field data and theoretical 

experiments.  From these results models were developed. 

 

The analysis of the prototype disc mower field operation and the derivation of the specific 

energy models resulted in the following conclusions: 

 

• Instrumented hubs with onboard data acquisition systems were successfully designed 

and implemented in the torque data collection individual hubs. 

 

• An optical flow algorithm was successfully applied to high-speed videos captured of 

material movement across the cutterbar.  Average flow angles across the cutterbar of 

approximately 1 and -8 degrees were measured for the converging and diverging cutting 

zones.  Material recirculation during low material throughput was noticed in the 

diverging cutting zone. 

 

• The power requirements for each disc were found to be between 1.55 and 4.25 kW, 

depending on the conditions of operation.  Specific energy requirements on individual 

discs were found ranging from 1.81 to 5.71 kW·h/t DM.  Grass was found to have 

similar power requirements as alfalfa but higher energy requirements.   

 

• A model based on analysis of the cutting and transport operations of the cutterbar and 

two types of regression models based on the experimental results were developed.  The 

models were found with R2 values ranging from 0.79 to 0.96. 

 

  



101 

   

REFERENCES 

Alberta Agriculture and Food. 2007. Agri-facts: Using 1,000 Kernel Weight for Calculating 
Seeding Rates and Harvest Losses.  http://www1.agric.gov.ab.ca/$department/deptdocs. 
nsf/all/agdex81/$file/100_22-1.pdf?OpenElement (2009/09/15) 
 
American Society of Agricultural Engineers. 1999.  S358.2 Moisture Measurements-Forages. In 
ASAE Standards, 46th Ed St-Joseph, MI.: ASAE. 
 
Barron, J. L., Fleet, D. J., Beauchemin, S. S., 1994.  Performance of optical flow techniques. 
International Journal of Computer Vision, Vol 12. 43-77. 
 
Boisi, E.S., O.V. Verniaev, I.I. Smirnov and E.G. Sultan-Shakh, 1991.  Theory, 
Construction and Calculations of Agricultural Machines, Volume II.  Russian Translations 
Series 83.  Rotterdam: Balkema 
 
Brecht, A. V., Vranken, E., Guarino, M., Berckmans, D. 2004. Optical flow algorithm to 
quantify the two-dimensional velocity components of a visualized air jet.  Transactions of the 
ASAE, Volume 47.  St. Joseph, MI. 
 
Dunn, G. H., Dabney, S. M., 1996. Modulus of elasticity and moment of inertia of grass hedge 
stems. Transactions of the ASAE. Vol. 39, 947-952. 
 
Evans, L. S., Kahn-Jetter, Z., Marks, C., Harmoney, K. R., 2007.  Mechanical properties and 
anatomical components of stems of 42 species.  Journal of the Torrey Botanical Society. 134(4). 
458-467. 
 
Galedar, M. N., Tabatabaeefar, A., Jafari, A., Sharifi, A., Rafiee, S., 2008.  Bending and 
Shearing Characteristics of Alfalfa Stems. Agricultural Engineering International: the CIGR 
Ejournal. Manuscript FP 08 001. Vol. X. 
 
Gautama, T., Van Hulle, M. 2002. A Phase-based Approach to the Estimation of the Optical 
Flow Field Using Spatial Filtering. IEEE Transactions on Neural Networks. 13(5)1127-1136 
 
Gehl Company. 2004. Disc mower conditioners.  
http://www.gehl.com/ag/Haytools/disc_mower_conditioner (2005/11/25). 
 
Godeša, T., 2004.  Determination of minimal cutting speed by flailing potato vines. Acta 
Agriculturae Slovenica. Central Library of the Biotechnical Faculty, University of Ljubljana, 
Ljubljana, Slovenia 
 
Kanafojski, Cz., Karwowski, T., 1976. Agricultural Machines, Theory and Construction. Vol. 2. 
U.S. Department of Agriculture and the National Science Foundation. Washington D.C.   
 
Klinner, W.E., Wood, G.M., Biggar G.W., Brown F.R., 1971. A performance analysis of 
mowing and crop conditioning systems. NIAE Note. No. 49/1355 from National Institute of 
Agricultural Engineering (NIAE), Silsoe, England. Unpublished.  
 



102 

   

Krishnasamy, R., W. Wong, E. Shen, S. Pepic, R. Hornsey, and P.J. Thomas. 2004.  High 
Precision Target Tracking with a Compound-Eye Image Sensor.  Canadian Conference on 
Electrical and Computer Engineering Vol. 4, May 2004. 2319-2323.  
 
Lalonde, J. 2003. Canada’s Agriculture, Food, and Beverage Industry: Canada’s Forage 
Industry. Agriculture and Agri-Food Canada. http://atn-riae.agr.ca/supply/3303_e.htm 
(2005/11/15). 
 
Lieb, D., A. Lookingbill and S. Thrun, 2005. Adaptive Road Following using Self-Supervised 
Learning and Reverse Optical Flow. Robotics Science and Systems Online Proceedings.  
Massachusetts Institute of Technology. Cambridge, Massachusetts.  
http://www.roboticsproceedings.org/rss01/p36.pdf 
 
Light, R. G., Yoerger, R. R., 1960.  Power Requirements of a Horizontal Rotary-Type Forage 
Harvester.  Transactions of the ASAE. 
 
Litherland, J.W., Yoerger, R. R., 1969. Material Movement in a Rotary Mower. Agricultural 
Engineering. Vol 50. 
 
Mathworks. 2005. Phase-based Optical Flow. 
http://www.mathworks.com/matlabcentral/fileexchange/2422 (2005/09/02) 
 
Nieuwenhof, Philippe.  2003.  Modelling of the Energy Requirements of a Non-row Sensitive 
Corn Header for a Pull-type Forage Harvester.  Department of Agricultural and Bioresource 
Engineering. University of Saskatchewan. 
 
Nesi, P. Del Bimbo, A. and Ben Tzvi, D. A Robust Algorithm for Optical Flow Estimation. 
Computer Vision and Image Understanding, Vol. 62, No. 1, pp 59-68. July 1995 
 
O’Dogherty, M. J., Gale, G. E., 1986. Laboratory Studies of the Cutting of Grass Stems.  Journal 
of Agricultural Engineering Research.  Volume 35. Academic Press 
 
Persson, S. 1987. Mechanics of Cutting Plant Material. St. Joseph. MI.: ASAE 
 
Petkov, N. and Wieling, M.B. 2008. Gabor filter for image processing and computer vision. 
http://matlabserver.cs.rug.nl/edgedetectionweb/web/index.html (2009/02/09) 
 
Quénot, G. M., Jaroslaw, P., Kowalewski, T. A., 1998.  Particle Image Velocimetry using 
optical flow for image analysis.  8th International Symposium on flow visualization. 
 
SAS Institute Inc. 1989. SAS/STAT User’s Guide. Ver. 6. Fourth Ed. Vol. 1. Cary, NC: SAS 
Institute Inc. 
 
Šesák, J.,Pršan, J., Gyurián, CS. 2002. Determining of the power requirements of a disk mower 
with conditioner. Slovak Agricultural University, Faculty of Agricultural Engineering. Nitra, 
Slovak Republic. 
 
Shinners, K. Getting the most from the mower-conditioner. (2002) 
http://www.uwex.edu/ces/forage/wfc/proceedings2002/mower_conditioner.htm (2005/11/27) 
 



103 

   

Sielamowicz, I., Kowalewski, T. A., Blo�ski, S., 2004.  Central and Eccentric Granular Material 
Flows in Bin/Hoppers Registered by DPIV Optical Technique. Acta Agrophysica 
 
Sitkei, G. 1986.  Mechanics of Agricultural Materials. New York: Elsevier. 
 
Tuck, C.R., Klinner, W.E., Hale, O.D., 1980.  Economic and practical aspects of high-capacity 
rotary mower and mower conditioner systems. The Agricultural Engineer. Volume 35, Issue 1.   



104 

   

APPENDICES 

Appendix 1: ANOVA and table of means of optical flow analysis 

ANOVA of average flow angle from optical flow analysis   

Source df SS MS F-value Pr>F 

material 1 26.068 26.0678 1.11 0.3083 
disc speed 2 77.747 38.8735 1.65 0.2228 
ground speed 2 107.555 53.7773 2.28 0.134 
cutting group 1 807.147 807.147 34.29 <.0001 
material*disc speed 2 28.211 14.1053 0.6 0.5611 
material*ground speed 2 53.191 26.5957 1.13 0.3475 
material*cutting group 1 9.189 9.18898 0.39 0.5409 
disc speed*ground speed 4 37.543 9.38581 0.4 0.8067 
disc speed*cutting group 2 5.585 2.79252 0.12 0.8889 
ground speed*cutting group 2 104.545 52.2723 2.22 0.1409 

error 16 376.617 25.5386     
 

 

 

ANOVA of flow consistency from optical flow analysis   

Source df SS MS F-value Pr>F 

material 1 110.236 110.236 10.1 0.0058 
disc speed 2 49.2777 24.6389 2.26 0.137 
ground speed 2 118.078 59.0392 5.41 0.0161 
cutting group 1 1.54754 1.54754 0.14 0.7115 
material*disc speed 2 104.239 52.1197 4.77 0.0237 
material*groundspeed 2 28.0044 14.0022 1.28 0.3044 
material*cutting group 1 2.63629 2.63629 0.24 0.6298 
disc speed*ground speed 4 89.7999 22.45 2.06 0.1346 
disc speed*cutting group 2 3.86738 1.93369 0.18 0.8393 
ground speed*cutting group 2 47.2708 23.6354 2.16 0.1472 

error 16 174.708 10.9192     
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ANOVA of flow uniformity from optical flow analysis 

Source df SS MS F-value Pr>F 

material 1 187.047 187.047 78.51 <.0001 
disc speed 2 35.6322 17.8161 7.48 0.0062 
ground speed 2 9.32297 4.66149 1.96 0.1781 
cutting group 1 274.493 274.493 115.21 <.0001 
material*disc speed 2 10.1539 5.07696 2.13 0.1556 
material*ground speed 2 46.0548 23.0274 9.66 0.0023 
material*cutting group 1 3.22023 3.22023 1.35 0.2644 
disc speed*ground speed 4 16.2561 4.06402 1.71 0.2045 
disc speed*cutting group 2 2.02492 1.01246 0.42 0.662 
ground speed*cutting group 2 9.92565 4.96283 2.08 0.1615 

error 16 33.3562 2.38257     
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Appendix 2: Instrumented hub calibration curves 

Hub Number Calibration Equation, T(N·m) R2 

1 ADC= 17.422 T + 2293.1 0.98 
2 ADC= 30.868 T + 2161.8 0.99 
3 ADC= 27.688 T + 1092.3 0.99 

4 ADC= 27.743 T + 1427.6 0.99 

 

Appendix 3: Circuit schematic for instrumented hub data acquisition 

system 
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Appendix 4: Zero-throughput disc power requirements  

 

RPM Average Power Requirement (kW) Standard Deviation 
1500 0.68 0.087 
2000 0.94 0.100 
2500 1.12 0.087 
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Appendix 5: Grass and alfalfa property measurements 

  Alfalfa Grass 

Sample Mass Crop height Stalk diameter Mass Crop height Stalk diameter 

number (kg) (m) (mm) (kg) (m) (mm) 

1 14.51 0.70 2.8 3.63 0.50 1.7 

2 9.53 0.65 2.5 4.99 0.58 2.3 

3 9.75 0.81 3.1 3.86 0.65 2.1 

4 11.34 0.76 3.6 4.76 0.64 2.6 

5 12.93 0.73 2.6 5.67 0.56 1.5 

6 16.44 0.77 3.9 5.22 0.66 1.8 

7 14.97 0.82 3.5 4.54 0.51 2.2 

8 12.25 0.88 3.9 6.58 0.59 2.5 

9 10.66 0.82 3.1 4.08 0.55 2.9 

10 12.25 0.75 3.8 5.67 0.65 1.8 

11 15.42 0.72 3.6 5.67 0.62 1.9 

12 10.89 0.71 3.2 5.22 0.65 2.0 

13 10.66 0.80 3.1 5.22 0.62 2.5 

14 11.34 0.70 3.7 6.35 0.59 3.2 

Average 12.35 0.76 3.3 5.10 0.60 2.2 

St. Dev. 2.20 0.06 0.5 0.87 0.05 0.5 
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Appendix 6: ANOVA and table of means of power and specific energy 

(disc-based analysis) 

ANOVA of average cutterbar power requirement (disc-based analysis) 

Source df SS MS F-value Pr>F 

material 1 9.84235 9.84235 17.12 0.0003 
disc speed 2 69.185 34.5925 60.16 <.0001 
ground speed 2 3.18549 1.59275 2.77 0.0499 
disc 2 19.8489 9.92445 17.26 <.0001 
material*disc RPM 2 8.87891 4.43945 7.72 0.0021 
material*ground speed 2 3.04585 1.52292 2.65 0.0884 
material*disc 2 5.45325 2.72662 4.74 0.0168 
RPM*ground speed 4 2.45668 0.61417 1.07 0.3908 
RPM*disc 4 1.71871 0.42968 0.75 0.5681 
ground speed*disc 4 0.7887 0.19718 0.34 0.8467 

error 28 16.1014 0.5750     
 

 

ANOVA of average cutterbar specific energy (disc-based analysis) 

Source df SS MS F-value Pr>F 

material 1 206.081 206.081 192.42 <.0001 
disc speed 2 137.322 68.6608 64.11 <.0001 
ground speed 2 44.5955 22.2978 20.82 <.0001 
disc 2 36.3673 18.1837 16.98 <.0001 
material*disc speed 2 59.8791 29.9395 27.96 <.0001 
material*ground speed 2 5.93127 2.96564 2.77 0.0799 
material*disc 2 17.9238 8.96189 8.37 0.0014 
disc speed*ground speed 4 5.37995 1.34499 1.26 0.3106 
disc speed*disc 4 8.16227 2.04057 1.91 0.1374 
ground speed*disc 4 2.1921 0.54802 0.51 0.727 

error 28 29.9876 1.07099     
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Appendix 7: ANOVA and table of means of power and specific energy 

(zone-based analysis) 

ANOVA of average disc power requirement (zone-based analysis) 

Source df SS MS F-value Pr>F 

material 1 4.2894 4.2894 27.0 <.0001 
disc speed 2 42.544 21.272 134.1 <.0001 
ground speed 2 1.7496 0.8748 5.51 0.0151 
cutting group 1 0.7466 0.7466 4.71 0.0455 
material*disc speed 2 3.1375 1.5687 9.89 0.0016 
material*ground speed 2 1.4856 0.7428 4.68 0.0251 
material*cutting group 1 0.6421 0.6421 4.05 0.0614 
RPM*ground speed 4 1.5588 0.3897 2.46 0.0878 
RPM*cutting group 2 0.1519 0.0759 0.48 0.6282 
ground speed*cutting group 2 0.1407 0.0704 0.44 0.6494 

error 16 2.5383 0.1586     
 

 

ANOVA of average disc specific energy (zone-based analysis)  

Source df SS MS F-value Pr>F 

material 1 113.1 113.1 381.49 <.0001 
disc speed 2 76.8683 38.4341 129.64 <.0001 
ground speed 2 26.5852 13.2926 44.84 <.0001 
cutting group 1 0.28322 0.28322 0.96 0.3429 
material*disc speed 2 29.9727 14.9863 50.55 <.0001 
material*ground speed 2 2.93618 1.46809 4.95 0.0212 
material*cutting group 1 0.49002 0.49002 1.65 0.2169 
disc speed*ground speed 4 3.35527 0.83882 2.83 0.0598 
disc speed*cutting group 2 0.30311 0.15156 0.51 0.6092 
ground speed*cutting group 2 0.13659 0.06829 0.23 0.7968 

error 16 4.74343 0.29647     

 

 

 

 

 


