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ABSTRACT 

Cane shredders and the level of cane preparation achieved by them play a significant role in the performance of 

every mill’s extraction train.  Feeder rolls are currently installed in half of the Australian sugar mills.  However, 

there exists several challenges with operating feeder rolls including inconsistency in feeding rate.  A specific 

problem has been occurring at Tableland mill where the cane shredder experiences surging.  The major 

consequence of surging is lower cane preparation since, to prevent stalling, the shredder grid setting is 

increased.  This issue is particularly of concern in shredders driven by electric motors, since electric motors have 

less inertia to overcome increases in torque due to surging and the peaks in torque have a greater impact on 

motor life than they do on turbine life.   

A 1:3.4 scale model of Tableland’s shredder feed rolls was constructed at Tableland.  This model was used to 

explore the effect of feeder roll geometry, setting and speed and their relationship to sugarcane billet size.  The 

experiment found that higher rates were obtained with less teeth spaced further apart, a larger setting and 

smaller billets.  The conditions found to reduce surging were smaller setting, lower speed and longer billets. 

The results have been used to propose design guidelines for shredder feeder rolls that aim to reduce surging and 

also give consideration to feeder roll capacity and feeder roll power consumption.  Tableland will be using these 

guidelines to address their surging problem. 
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EXECUTIVE SUMMARY 

Cane shredders and the level of cane preparation achieved by them play a significant role in the performance of 

every mill’s extraction train.  Feeder rolls are currently installed in half of the Australian sugar mills.  However, 

there exists several challenges with operating feeder rolls including inconsistency in feeding rate.  A specific 

problem has also been occurring at Tableland mill where the cane shredder experiences surging.  The major 

consequence of surging is lower cane preparation since, to prevent stalling, the shredder grid setting is 

increased.  This issue is particularly of concern in shredders driven by electric motors, since electric motors have 

less inertia to overcome increases in torque due to surging and the peaks in torque have a greater impact on 

motor life than they do on turbine life.  It Is likely that electrically driven shredders will become more common in 

the future as mills seek increased energy efficiency, increasing the significance of this issue in the future.  

Surging has also been identified as an issue on some shredders driven by turbines. 

This project addressed the issue by examining the design of shredder feeder roll installations across the industry 

and conducting an experiment on a 1:3.4 scale model of Tableland’s shredder feed rolls.  This model was used to 

explore the effect of feeder roll geometry, setting and speed and their relationship to sugarcane billet size.   

A split-split-plot factorial experiment was conducted to explore the effect of the feeder roll geometry (number of 

teeth per ring of teeth and pitch between rings), setting, billet size (length and diameter) and roll speed.  The 

main outputs of the experiment were feeding rate (best indicator of surging), feeder roll motor current (best 

indicator of feeder roll power consumption) and jamming severity (a parameter linked to stalling of the roll 

motors).  The experiment was conducted as a collaboration between MSF Sugar staff and QUT staff. 

The experiment found that higher rates were obtained with less teeth spaced further apart, a larger setting and 

smaller billets.  The conditions found to reduce surging were smaller setting, lower speed and longer billets.  

Feeder roll power consumption was minimised using shorter billets, lower speed, eight teeth per ring and smaller 

pitch between rings.  The motor current was more consistent under these same conditions and also with wider 

setting.  The likelihood of jamming was minimised with shorter billets, eight teeth per ring and wider setting. 

The industry survey and experimental results were used to develop design guidelines for shredder feed roll 

installations.  The arrangement least likely to cause jamming was the eight teeth per ring design, with every 

second ring offset by half a tooth.  A criterion based on the ratio between billet length and space between the 

teeth was constructed.  The radius at the root of the teeth was also of interest in reducing jamming, with a need 

for the radius to be greater than the billet diameter.  The pitch between rings was determined as an important 

parameter in reducing surging.  A ratio of billet length to pitch was used as a design criterion.  Although not 

evaluated experimentally, the contact angle between the feed chute and the feeder rolls may have significance.   

Another potential avenue to reducing surging may be in using flat shredder hammer tips rather than butterfly 

design tips, for which trials have shown improved feeding and higher power consumption (linked to better 

preparation).  This avenue deserves further investigation. 

As a result of this work, Tableland intends to modify the design of their feeder rolls by: 

• Reducing the chute setting. 

• Rebuilding the feeder rolls, to include an extra ring of teeth (smaller pitch), offsetting every second ring by 

half a tooth and modifying the tooth design to include a larger root radius and larger open area. 
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1. BACKGROUND 

1.1. Project Rationale 

Cane shredders and the level of cane preparation achieved by them play a significant role in the performance of 

every mill’s extraction train. The application of feeder rolls to shredders has a twofold objective of increasing the 

angle of wrap and maintaining a uniform feed of cane into the shredder. In addition to these improvements that 

were observed in several experiments across the Australian mills, there have been reports on other benefits of 

using feeder rollers including reduction of deterioration in shredders. Feeder rolls are currently installed in half of 

the Australian sugar mills. However, there exists several challenges with operating feeder rolls including 

inconsistency in feeding rate. Limited research effort has been made to identify a design and setting which yields 

adequate feeding consistency. Most of the previous research focused on feeder rolls dates back to the 1980s 

and 1990s confirming that the influence of geometric factors on feeding behaviour is well worthy of investigation.  

A specific problem has also been occurring at Tableland mill where the cane shredder experiences surging. The 

major consequence of surging is lower cane preparation since, to prevent stalling, the shredder grid setting is 

increased.  This issue is particularly of concern in shredders driven by electric motors, since electric motors have 

less inertia to overcome increases in torque due to surging and the peaks in torque have a greater impact on 

motor life than they do on turbine life.  It Is likely that electrically driven shredders will become more common in 

the future as mills seek increased energy efficiency, increasing the significance of this issue in the future.  

Surging has also been identified as an issue on some shredders driven by turbines. 

This project provided an opportunity to review the current design of feeder rolls, experimentally investigate their 

performance and will assist in developing design and operation guidelines useful to the Australian sugar industry.  

1.2. Literature review 

Cane shredders play a pivotal role in the performance of every mill’s extraction train. They facilitate the extraction 

process by breaking the cells in cane’s fibro-vascular bundles allowing the sugar juice to be released more easily. 

The influence of cane preparation, through shredding, on the extraction performance of a milling train is known to 

be significant. Feeder rollers, as an advancement in the design of shredders, have attracted the attention of many 

sugar cane technologists.  

The application of feeder rolls to cane shredders was introduced by Cullen and McGinn (1974) in an experiment 

with a twofold objective of increasing the angle of wrap and achieving a uniform feed to enhance shredder 

performance. In their experiment, two pulleys with different diameters were utilized as feed rolls and the larger 

one, located at the opposite side of the shredder to the grid, was equipped with chevron ribs to enhance feeding. 

The feeder rolls were powered by a hydraulic motor while their speed was controlled manually to maintain feed 

level. The results of these tests highlighted that feeder rolls can help increase the average preparation by up to 5 

units POC. Cullen and McGinn (1974) also suggested that the use of feeder rolls have no effect on the 

relationship between preparation vs shredder shaft power.  

Cullen (1974) conducted further experiments to provide in more detail some features of shredder design including 

automatic control of feeder rolls. The control was performed based on the pressure readings along the chute that 

indicated the presence of cane. It was suggested that the applicability of feeder rolls is mainly to extend the 

preparation potential of small diameter and/or low-speed shredders. According to Cullen (1974), another 

advantage of feeder roll adoption is that it enables feeding of hammer configurations, which reduce noise but 

compromise feeding, if fed conventionally. The noise reduction occurs due to the presence of billet cane above 

the feeder rolls.  

Cullen (1986) investigated the relationship amongst various shredder design parameters including the use of 

feeder rolls, the level of preparation achieved and the absorbed power. In order to assess the effect of each 

factor, his experiment applied changes to a standard shredder design. This standard, in the case of the feeding 

mechanism, did not include feeder rolls. The test results suggest that the application of feeder rolls can enhance 

the preparation level by at least 3 units POC when feeder rolls are used in conjugation with a grid with 160° angle 

of wrap.  

Letizia and McDougal (1988) reported on an upgrade of the Racecourse shredder with fitted feeder rolls on an 

inclined chute. The rollers were spikey-toothed and driven by motors, independently allowing for roll setting 

adjustment. The authors reported that the feed rolls configuration had been such that the passage of billets 

between the rolls, when stationary, was prevented. The feed rolls were controlled using a two-term control loop 

from number 1 mill chute level. The prepared cane belt speed was set as a direct ratio to feeder speed. During 

the tests, the motors stalled at a combined torque of approximately 120 kN.m when cane bridged between the 

feed rolls. This issue was resolved by increasing the setting and reducing the bottom roll contact angle via an 

adjustable flap. The required power for feeder rolls, under steady-state operation, was observed to be 60% less 
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than that needed for starting up when the chute had been full. In this test, the insufficient angle of inclination 

resulted in buildup of billet cane along the bottom of the chute, followed by downward movement in a series of 

cascades.  This issue, identified to be a result of insufficient angle of inclination, would not be of significance in 

feeder roll settings with (semi)vertical chutes. The authors suggested that capacitive level sensing was shown to 

be effective for detecting cane in the chute, from which the chute level can be controlled for achieving a constant 

feed compaction in the hopper. They concluded that acceptable crushing rates were attainable with a preparation 

of larger than 90% POC.  

More recently, Flanders et al. (1992) investigated the effect of feeder rolls on heavy duty shredders through a 

series of tests run at Mulgrave and Tully sites. The geometries of the feeder roll installations at both sites were 

similar except for the rotor lengths and hopper heights. In regard to control, the number 1 mill chute height was 

fed back as a speed signal for the prepared cane elevator, from which its tachometer signal was utilised as a 

remote set-point for shredder feeder roll speed. The height of billet cane in the shredder chute was controlled by 

adjusting the speed of cane carriers and belts to the tippler. At Mulgrave, the feeder roll speed was measured 

using a rotational counter mounted onto the rolls.  Speed was recorded using a F&P data logging system at Tully, 

along with other recordings needed for estimating the absorbed power. During the conducted tests, the effect of 

feeder rolls geometry and set up on the smoothness of feeding and preparation level had been overlooked. 

Although the authors reported a visual observation of uniform cane feeding into the shredder, they suggested that 

the influence of important geometric factors on feeding behaviour is worthy of investigation.  

2. PROJECT OBJECTIVES 

• Develop shredder feed roll design and setting guidelines to achieve consistent feeding. 

• Develop theory of operation of shredder feed rolls to assist in developing guidelines. 

• Address Tableland’s shredder surging problem through design and setting modifications to the feed rolls. 

• Investigate the current shredder capacity and compare to industry standard for Tableland peak crush rates  

3. OUTPUTS, OUTCOMES AND IMPLICATIONS 

3.1. Outputs 

The outputs of this project consist of: 

• The results of the survey of industry shredder feed roll configurations. 

• The results of an experiment determining the effect of feeder roll geometry, setting, billet size and roll 

speed. 

• Guidelines for designing and setting up shredder feeder rolls to reduce the likelihood of surging. 

3.2. Outcomes and Implications 

The design guidelines will enable factories to modify their shredder feeder roll configurations to reduce surging 
and vary feeding rate.  These improvements are expected to increase the life of shredder drives and increase 
extraction due to reduced risk of stalling when setting the grid for higher preparation. 

4. INDUSTRY COMMUNICATION AND ENGAGEMENT 

4.1. Industry engagement during course of project 

MSF Sugar and Wilmar Sugar have been consulted through the project.  A webinar on the initial stages of the 
project was presented on 25 March 2020 as part of the Regional Research Seminar program.  Further 
engagement is planned as part of the 2021 Regional Research Seminars and via an ASSCT paper at the 2021 
conference. 

4.2. Industry communication messages 

Advice on how to reduce surging in shredders is available.  Reduced surging is expected from the use of a 
smaller setting and lower speed. 

5. METHODOLOGY 

5.1. Introductory remarks 

This project investigated consistency of feeding cane to shredders using a 1:3.4 scale model of shredder feeder 

rolls with variable design and settings.   

It is noted that the focus of the project was on ensuring a consistent flow out of the feeder rolls.  There is another 

possible cause of surging, and that is related to feeding of the shredder itself. 
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5.2. Survey of feeder rolls design and operation in Australian sugar mills 

5.2.1.  Introductory remarks 

To achieve a good understanding of the design and operation of shredder feeder rolls, contact was made with the 

thirteen Australian sugar mills that utilize feeder rolls in their cane preparation unit.  

5.2.2.  Review of feeder roll design and setting 

The requested information from the factories included geometry details of their shredder feeder rolls and 

shredder chutes, feeder rolls maximum/operating speed and the mill’s strategy to control feeder rolls speed and 

chute height. The provided drawings of feeder rolls have been analysed and the equipment geometries were 

obtained to ensure that the entire range of design parameters were accounted for within the experiment. Table 1 

summarizes the results of the conducted survey including a list of the design and operational parameters as well 

as their existing range within the industry. 

TABLE 1 FEEDER ROLLS DESIGN AND OPERATIONAL PARAMETERS AND THEIR EXISTING RANGES 
WITHIN THE AUSTRALIAN SUGAR INDUSTRY. 

PARAMETER EXISTING RANGE (MIN, MAX) 

Tip tooth diameter (mm) (1100, 1400) 

Tooth thickness (mm) (24, 55) 

Pitch (mm) (169, 289) 

Tooth height (mm) (220, 250) 

FR length (mm) (1220, 2738) 

Max FR speed (rev/min) (5.2, 9.1) 

Chute height (mm) (1350, 1780) 

Chute length (mm) (2115, 2720) 

Chute opening (mm) (490, 920) 

Nip setting (mm) (440, 651) 

Contact angle (°) (31.7, 81.3) 

FR setting (mm) (0, 57) 

No. of rings (7, 10) 

No. of teeth per ring (8, 16) 

Rings/m of FR length  (3, 6) 

 

Based on the anticipated level of effect and given the time and cost limitations for applying modifications, the 

number of teeth per ring, number of rings (pitch), feeder rolls setting and speed were considered as the 

parameters of interest in the experimental investigation. The degree of offset on each ring along the feeder roller 

was also another factor tested.  

5.2.3. Identified problems with feeder rolls 

As part of the survey process, feedback was requested from site engineers to identify any problems that they 

experienced with feeder rolls.  The issues identified consist of: 

• Wear of feeder roll teeth 

o Domite tips on teeth wider than teeth choking, needing occasional reversal (presumably to clean the 

teeth) 

• Surging and stalling on both turbine driven and electric motor driven shredders 

o Possibly related to grid setting or grid design 

• Problem with clean, short billets 

5.3. Experiment model and instrumentation 

5.3.1.  Introductory remarks 

As mentioned in section 5.1, a 1:3.4 scaled model of the Tableland shredder feeder rolls was made available for 

testing the effect of feeder rolls design and operation on cane feeding consistency. The model was equipped with 
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two motors and gear boxes to run the feeder rolls using a variable speed drive with maximum current output of 

5.4 A.  

5.3.2. Tableland model-scale feeder rolls rig 

After a series of trials, it was found that a hopper is needed on the top of the feeder rolls chute to facilitate feeding 

the materials consistently once the motors are turned on. Since a continuous feed could not be achieved due to 

the nature of the experimental apparatus, a slide was used over the feeder rolls so that by rapid removal of the 

slide full and decreasing chute height levels could be simulated. Table 2 lists the geometric details of the 

Tableland feeder rolls model while a better illustration of the model and its modified components is presented in 

Figure 1.  

TABLE 2 GEOMETRIC DETAILS OF TABLELAND FEEDER ROLLS MODEL. 

PARAMETER VALUE 

Feeder rolls tip diameter (mm) 737 

Feeder rolls length (mm) 360 

Chute height (mm) 620 

Chute length (mm) 370 

Chute width (mm) 220 

 

 

Figure 1 feeder rolls rig and its modified components to simulate cane feeding to shredder. 

5.3.3. Different teeth geometries 

A second set of feeder roll drums were manufactured to simplify the process of changing from one feeder roll 

geometry to the next. 

Sets of rings were manufactured for each tooth geometry explored in the experiment.  Enough rings were 

manufactured of each geometry to cater for the different pitches explored in the experiment.  To change from one 

tooth geometry to another, the welds fixing the rings needed to be ground away and the new rings needed to be 

welded in place. 
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5.3.4. Instrumentation  

To evaluate feeding consistency and the behaviour of feeder rolls during feeding, power consumption of the 

motors and feeding rate were measured.  

Power consumption was measured by recording the output current of the VSD in amps and the output speed in 

revolutions per minute (r/min).  Current and feeder roll speed were recorded using a data logger which was 

connected to the VSD.  

Feeding rate was measured using a platform scale which was placed under the rolls. The scale recorded the 

continuous increase of mass outflowing from the rolls during feeding.  

Video cameras were also used to record the changes in chute height. This visual system provided a qualitative 

indication of how consistent the feeding rate was and whether a particular design/setting results in effortless 

falling of the material through down the chute and through the feeder rolls.   

5.3.5. Cane supply 

In order to minimize the scaling effect on experiment results, timber dowels were chosen to represent cane 

billets. However, the dowels available for purchase have a significantly lower density than that of cane. For this 

reason, a preliminary test was conducted to explore the possibility of increasing dowel density through soaking 

the material in water. Figure 2 shows a comparison of timber dowel density before and after submergence in 

water. The comparison was performed for various dowel diameter and lengths indicating that 8 mm and 9.5 mm 

diameter dowels are able to absorb at least 45% and 25% moisture, respectively, within the first 24 hours of 

exposure to water where maximum absorption has been observed in dowels with shorter length. This experiment 

confirmed that soaking the material in water can be performed to increase the density of dowels to that of cane 

and minimize the scaling effects on gravitational behaviour of the feeding material.  

As a result of time and cost limitations, fluted dowels which were cut to length due to their availability in the 

required quantity. A further comparison was made on the changes of dowel bulk density after being soaked in 

water overnight throughout the testing period. Table 3 provides a summary of this comparison for different dowel 

dimensions.  

TABLE 3 COMPARISON OF DOWEL MASS AND BULK DENSITY BEFORE AND AFTER BEING SOAKED IN 

WATER OVERNIGHT. 

 
DRY DOWELS WET DOWELS 

Dowel dimension Mass (kg) Density (kg/m3) Mass (kg) Density (kg/m3) 

10 mm (diameter), 50 mm (length) 42.2 496.0 55.6 556.0 

8 mm (diameter), 32 mm (length) 34.6 406.5 58 682.4 

8 mm (diameter), 50 mm (length) 32.7 362.8 56.3 662.4 

10 mm (diameter), 32 mm (length) 21.5 390.7 37.9 631.7 
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Figure 2 density of dry and soaked (in water) timber dowels with 8 mm (top) and 9.5 mm (bottom) diameter. 

5.4. Model scale experiment at Tableland 

5.4.1. Split-split plot factorial design 

A split-split plot experiment was designed to explore the level of effect by each factor on the feeding behaviour of 

shredder feeder rolls.  As mentioned in Section 5.2, the experiment including tested factor levels based on the 

results of the survey conducted on the design and operation of feeder rolls in the Australian sugar mills that use 

these devices for cane feeding to shredders.  Table 4 lists the factors tested in the Tableland experiment and 

their levels.  
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TABLE 4 SUMMARY OF EXPERIMENTAL PARAMETERS CONSIDERED IN SPLIT-SPLIT PLOT 
FACTORIAL DESIGN FOR TABLELAND EXPERIMENT. 

Level Factor Treatments Notation 

Whole plot 

Number of teeth per ring and ring 
configuration 

8 teeth A 

16 teeth B 

8 teeth, 2nd ring half tooth offset C 

Pitch 
6 rings 1 

7 rings 2 

Split plot 

Dowel (billet) diameter 
8 mm 8D 

10 mm 10D 

Dowel (billet) length 
32 mm 32L 

50 mm 50L 

Feeder roll setting (between tooth tips) 

- billet diameter - 

0 mm 0 

+ billet diameter + 

Split-split 
plot 

Feeder roll speed 
3 r/min S1 

6 r/min S2 

 

Height of teeth was originally planned as a factor.  As shown in Table 1, the range of tooth heights used in 

industry only vary from 220 mm to 250 mm.  It was not believed that variation in tooth height within this range 

would cause much difference in feeding performance and so this factor was removed from the experiment. 

Originally, it was intended to test three speeds.  The motors on the model feeder had a maximum speed of 6 

r/min which provide a low surface speed compared to that of factory shredders.  It was considered that there 

would be little benefit in testing very low speeds and so one speed level was removed from the experiment. 

5.4.2. Timber dowels 

As discussed in section 5.3.5, timber dowels were used to simulate the cane supply.  The dowel sizes chosen for 

the experiment, as listed in Table 4, are shown in Figure 3. 

 

  
Figure 3 Dowels used in Tableland experiment and their dimensions. 
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5.4.3. The experiment  

The experiment was conducted with a random order amongst the 6 whole plots, as shown in Table 5.  Within 

each whole plot, 24 tests were carried out to cover the split-split and split plots. A good level of randomization 

was maintained while running these 24 tests. An example of the completed tests for a whole plot is provided in 

Table 6.  The complete list of tests is shown in Table 7. 

TABLE 5 TABLELAND EXPERIMENT SCHEDULE SHOWING TESTED WHOLE PLOTS. 

Whole plot ID Date 

A-2 3/06/2020 

C-2 5/06/2020 

A-1 11/06/2020 

B-2 12/06/2020 

B-1 15/06/2020 

C-2 16/06/2020 

 

TABLE 6 AN EXAMPLE OF TESTING SCHEDULE PER EACH WHOLE PLOT (24 TESTS). 

Test No. 
Split-split Split Whole plot 

FR Speed Dowel dimension & FR setting Teeth & ring numbers 

1 S1 8D50L0 

A-2 

2 S2  

3 S1 8D32L- 

4 S2  

5 S1 10D32L- 

6 S2  

7 S2 10D50L0 

8 S1  

9 S2 8D32L0 

10 S1  

11 S2 8D50L- 

12 S1  

13 S2 10D32L+ 

14 S1  

15 S2 8D32L+ 

16 S1  

17 S2 10D50L+ 

18 S1  

19 S1 10D32L0 

20 S2  

21 S2 10D50L- 

22 S1  

23 S2 8D50L+ 

24 S1   

 

Figure 5 shows examples of the teeth configurations tested during the experiment.  Configuration A-2 includes 7 

rings along each roller while configurations B-1 and C-1 have 6 rings.  
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Figure 4 illustrates the experiment setup at Tableland.  It can be seen in the figure that dowels have been tipped 

into the chute ready for testing.  Testing involved turning the motors on with the appropriate speed and removing 

the slide in the chute (under the dowels) so dowels start to meter down through the feeder rolls. The steel tray 

under the feeder rolls was placed on the platform scale to gather the outflowing material.  The amount of dowels 

used in each test was equal to 1.3 times the total chute volume, with the exception of the 10D32L dowel 

configuration for which sufficient dowels were not available and could only fill 2/3 of the chute volume.  

 

Figure 4 tableland feeder rolls experiment setup 

   
A-2 B-1 C-1 

Figure 5 examples of teeth configurations tested in tableland experiment. The notations below each picture correspond to a 
whole plot (see Table 4) 

Material gathering 

tray 

Feed chute filled 

with dowels 



Final Report Project 2019/204 

 

sugarresearch.com.au   |   17 

In some tests, the combination of dowel dimension and teeth/ring configuration caused the material to jam where 

feeder rolls stopped rotating and the VSD tripped.  Visual inspection of the jammed dowels between the feeder 

rolls suggested that the jamming was a result of dowels bridging between the rings particularly when the number 

of teeth on each ring increased and a smaller space was available to the material in between each pair of teeth.  

A further investigation was made to understand the effect of each design on jamming severity.  The severity of 

jamming was evaluated by establishing the ratio of the mass fed before jamming to the total mass of dowel 

available for feeding.  

   
A-2 B-2 B-1 

Figure 6 visual inspections of dowels jamming between feeder roll teeth and their corresponding design (see Table 4) 

6. RESULTS AND DISCUSSION 

6.1. Experimental results 

In all, a total of 144 tests were completed for this experiment.  The full list of tests is presented in Table 7. 

TABLE 7 COMPLETE LIST OF TESTS. 

Test  

Teeth 
(T) 

Pitch 
(P) 

Length 
(L) 

Diameter 
(D) 

Setting 
(W) 

Speed 
(S) 

1 A 2 50L 8D 0 S1 

2 A 2 50L 8D 0 S2 

3 A 2 32L 8D - S1 

4 A 2 32L 8D - S2 

5 A 2 32L 10D - S1 

6 A 2 32L 10D - S2 

7 A 2 50L 10D 0 S2 

8 A 2 50L 10D 0 S1 

9 A 2 32L 8D 0 S2 

10 A 2 32L 8D 0 S1 

11 A 2 50L 8D - S2 

12 A 2 50L 8D - S1 

13 A 2 32L 10D + S2 

14 A 2 32L 10D + S1 

15 A 2 32L 8D + S2 

16 A 2 32L 8D + S1 
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Test  

Teeth 
(T) 

Pitch 
(P) 

Length 
(L) 

Diameter 
(D) 

Setting 
(W) 

Speed 
(S) 

17 A 2 50L 10D + S2 

18 A 2 50L 10D + S1 

19 A 2 32L 10D 0 S1 

20 A 2 32L 10D 0 S2 

21 A 2 50L 10D - S2 

22 A 2 50L 10D - S1 

23 A 2 50L 8D + S2 

24 A 2 50L 8D + S1 

25 C 2 50L 8D + S2 

26 C 2 50L 8D + S1 

27 C 2 32L 8D 0 S2 

28 C 2 32L 8D 0 S1 

29 C 2 32L 10D + S1 

30 C 2 32L 10D + S2 

31 C 2 32L 8D - S1 

32 C 2 32L 8D - S2 

33 C 2 50L 10D 0 S1 

34 C 2 50L 10D 0 S2 

35 C 2 50L 8D 0 S1 

36 C 2 50L 8D 0 S2 

37 C 2 50L 10D + S2 

38 C 2 50L 10D + S1 

39 C 2 32L 10D - S1 

40 C 2 32L 10D - S2 

41 C 2 50L 10D - S2 

42 C 2 50L 10D - S1 

43 C 2 32L 8D + S1 

44 C 2 32L 8D + S2 

45 C 2 50L 8D - S2 

46 C 2 50L 8D - S1 

47 C 2 32L 10D 0 S1 

48 C 2 32L 10D 0 S2 

49 A 1 50L 8D + S2 

50 A 1 50L 8D + S1 

51 A 1 32L 10D 0 S2 

52 A 1 32L 10D 0 S1 

53 A 1 32L 10D - S2 

54 A 1 32L 10D - S1 

55 A 1 50L 8D 0 S1 

56 A 1 50L 8D 0 S2 

57 A 1 32L 10D + S1 

58 A 1 32L 10D + S2 

59 A 1 32L 8D - S2 

60 A 1 32L 8D - S1 
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Test  

Teeth 
(T) 

Pitch 
(P) 

Length 
(L) 

Diameter 
(D) 

Setting 
(W) 

Speed 
(S) 

61 A 1 32L 8D 0 S2 

62 A 1 32L 8D 0 S1 

63 A 1 32L 8D + S2 

64 A 1 32L 8D + S1 

65 A 1 50L 10D + S2 

66 A 1 50L 10D + S1 

67 A 1 50L 8D - S2 

68 A 1 50L 8D - S1 

69 A 1 50L 10D 0 S2 

70 A 1 50L 10D 0 S1 

71 A 1 50L 10D - S1 

72 A 1 50L 10D - S2 

73 B 2 32L 10D 0 S1 

74 B 2 32L 10D 0 S2 

75 B 2 32L 10D + S1 

76 B 2 32L 10D + S2 

77 B 2 50L 10D + S1 

78 B 2 50L 10D + S2 

79 B 2 50L 10D 0 S2 

80 B 2 50L 10D 0 S1 

81 B 2 50L 8D 0 S1 

82 B 2 50L 8D 0 S2 

83 B 2 32L 8D 0 S2 

84 B 2 32L 8D 0 S1 

85 B 2 50L 10D - S1 

86 B 2 50L 10D - S2 

87 B 2 50L 8D - S1 

88 B 2 50L 8D - S2 

89 B 2 32L 8D + S2 

90 B 2 32L 8D + S1 

91 B 2 50L 8D + S1 

92 B 2 50L 8D + S2 

93 B 2 32L 10D - S2 

94 B 2 32L 10D - S1 

95 B 2 32L 8D - S1 

96 B 2 32L 8D - S2 

97 B 1 50L 8D 0 S1 

98 B 1 50L 8D 0 S2 

99 B 1 32L 10D + S1 

100 B 1 32L 10D + S2 

101 B 1 32L 10D - S2 

102 B 1 32L 10D - S1 

103 B 1 50L 10D 0 S1 

104 B 1 50L 10D 0 S2 
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Test  

Teeth 
(T) 

Pitch 
(P) 

Length 
(L) 

Diameter 
(D) 

Setting 
(W) 

Speed 
(S) 

105 B 1 32L 10D 0 S2 

106 B 1 32L 10D 0 S1 

107 B 1 50L 10D - S1 

108 B 1 50L 10D - S2 

109 B 1 32L 8D - S1 

110 B 1 32L 8D - S2 

111 B 1 50L 8D - S1 

112 B 1 50L 8D - S2 

113 B 1 50L 10D + S2 

114 B 1 50L 10D + S1 

115 B 1 32L 8D + S2 

116 B 1 32L 8D + S1 

117 B 1 32L 8D 0 S1 

118 B 1 32L 8D 0 S2 

119 B 1 50L 8D + S1 

120 B 1 50L 8D + S2 

121 C 1 32L 8D - S1 

122 C 1 32L 8D - S2 

123 C 1 32L 10D - S2 

124 C 1 32L 10D - S1 

125 C 1 50L 10D 0 S1 

126 C 1 50L 10D 0 S2 

127 C 1 50L 10D + S1 

128 C 1 50L 10D + S2 

129 C 1 32L 8D 0 S2 

130 C 1 32L 8D 0 S1 

131 C 1 32L 8D + S2 

132 C 1 32L 8D + S1 

133 C 1 50L 8D 0 S1 

134 C 1 50L 8D 0 S2 

135 C 1 50L 8D - S2 

136 C 1 50L 8D - S1 

137 C 1 32L 10D + S1 

138 C 1 32L 10D + S2 

139 C 1 50L 10D - S1 

140 C 1 50L 10D - S2 

141 C 1 50L 8D + S2 

142 C 1 50L 8D + S1 

143 C 1 32L 10D 0 S1 

144 C 1 32L 10D 0 S2 
 

The results were assessed by considering the following experimental outputs: 

• The mean and standard deviation of the feeding rate (as determined from the mass of billets on the scales) 

• The mean and standard deviation of the motor current 

• The severity of jamming (judged by the proportion of the billets fed before jamming) 
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The results are shown in Table 8.  Note that nine of the tests with 16 teeth per ring and 7 rings (B-2) jammed at 
the start of the test and so no feeding rate or motor current results could be obtained. 

TABLE 8 EXPERIMENTAL RESULTS. 

Test 
Feeding rate 

(kg/s) 
 Current 

(A) 
 Speed 

(rev/min) 
 Jamming 

severity 

 Mean 
St. 

Dev. 
Mean 

St. 
Dev. 

Mean 
St. 

Dev. 
 

1 0.804 0.720 1.230 0.016 3.052 0.001 0.000 

2 1.357 0.686 1.304 0.004 6.099 0.000 0.000 

3 1.406 1.119 1.227 0.007 3.054 0.013 0.000 

4 1.812 1.360 1.315 0.016 6.099 0.000 0.000 

5 1.012 0.803 1.221 0.008 3.053 0.001 0.000 

6 1.784 1.346 1.302 0.004 6.099 0.002 0.000 

7 1.357 0.686 1.294 0.035 6.099 0.000 0.000 

8 0.915 0.814 1.213 0.022 3.052 0.001 0.000 

9 1.983 1.709 1.294 0.004 6.099 0.000 0.000 

10 1.399 1.092 1.228 0.006 3.051 0.005 0.000 

11 0.763 0.814 1.631 0.958 6.099 0.000 0.901 

12 0.518 0.851 1.337 0.361 3.051 0.000 0.966 

13 2.679 1.936 1.303 0.003 6.098 0.013 0.000 

14 3.120 1.483 1.231 0.011 3.052 0.001 0.000 

15 2.899 1.854 1.300 0.003 6.099 0.000 0.000 

16 3.140 1.600 1.224 0.011 3.051 0.005 0.000 

17 1.646 0.893 1.304 0.004 6.099 0.000 0.000 

18 1.156 0.831 1.228 0.009 3.052 0.001 0.000 

19 2.255 1.349 1.221 0.014 3.052 0.002 0.000 

20 2.476 1.514 1.302 0.003 6.099 0.000 0.000 

21 0.062 0.053 1.367 0.467 6.099 0.000 0.995 

22 0.521 0.810 1.349 0.398 3.052 0.000 0.894 

23 1.894 1.383 1.337 0.102 6.098 0.013 0.000 

24 1.049 0.721 1.220 0.011 3.050 0.007 0.000 

25 1.487 0.935 1.302 0.010 6.099 0.000 0.000 

26 1.027 0.711 1.224 0.009 3.052 0.001 0.000 

27 1.027 0.711 1.301 0.008 6.099 0.000 0.000 

28 3.394 1.291 1.230 0.006 3.052 0.000 0.000 

29 3.353 1.497 1.237 0.009 3.036 0.056 0.000 

30 3.710 1.663 1.298 0.003 6.099 0.000 0.000 

31 3.293 1.077 1.235 0.008 3.051 0.000 0.000 

32 2.681 0.919 1.301 0.005 6.099 0.000 0.000 

33 1.075 0.604 1.230 0.011 3.051 0.006 0.000 

34 1.428 0.793 1.304 0.009 6.099 0.000 0.000 

35 0.784 0.601 1.235 0.055 3.051 0.001 0.000 

36 1.272 0.634 1.305 0.008 6.099 0.000 0.000 

37 1.673 0.888 1.297 0.008 6.099 0.000 0.000 

38 1.469 0.707 1.227 0.008 3.051 0.001 0.000 

39 2.223 1.204 1.220 0.012 3.051 0.001 0.000 
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Test 
Feeding rate 

(kg/s) 
 Current 

(A) 
 Speed 

(rev/min) 
 Jamming 

severity 

 Mean 
St. 

Dev. 
Mean 

St. 
Dev. 

Mean 
St. 

Dev. 
 

40 2.017 0.934 1.295 0.008 6.099 0.000 0.000 

41 1.271 0.651 1.306 0.029 6.099 0.000 0.000 

42 0.865 0.529 1.211 0.013 3.050 0.007 0.000 

43 4.040 1.587 1.242 0.010 3.051 0.001 0.000 

44 3.941 1.491 1.305 0.006 6.099 0.000 0.000 

45 1.176 0.734 1.349 0.121 6.099 0.000 0.000 

46 0.626 0.480 1.357 0.396 3.051 0.001 0.570 

47 3.202 1.733 1.232 0.006 3.051 0.001 0.000 

48 3.307 1.520 1.304 0.002 6.099 0.000 0.000 

49 1.886 1.658 1.313 0.094 6.099 0.000 0.000 

50 1.101 1.009 1.221 0.011 3.052 0.017 0.000 

51 3.360 1.480 1.297 0.008 6.099 0.000 0.000 

52 3.423 1.439 1.231 0.018 3.053 0.001 0.000 

53 2.629 1.424 1.298 0.006 6.099 0.000 0.000 

54 2.651 1.419 1.233 0.003 3.053 0.001 0.000 

55 0.472 0.578 1.377 0.394 3.054 0.001 0.913 

56 0.809 1.104 1.494 0.690 6.099 0.000 0.848 

57 2.048 1.728 1.236 0.007 3.053 0.000 0.000 

58 2.421 1.766 1.302 0.002 6.099 0.000 0.000 

59 2.848 1.607 1.301 0.013 6.099 0.000 0.000 

60 3.103 1.147 1.232 0.004 3.052 0.001 0.000 

61 3.056 1.729 1.303 0.004 6.099 0.000 0.000 

62 2.722 1.295 1.240 0.005 3.053 0.001 0.000 

63 2.956 2.263 1.307 0.003 6.099 0.000 0.000 

64 2.502 1.435 1.239 0.004 3.053 0.001 0.000 

65 1.713 1.628 1.301 0.010 6.099 0.000 0.000 

66 1.275 0.880 1.229 0.008 3.053 0.001 0.000 

67 1.292 0.821 1.320 0.065 6.099 0.000 0.000 

68 0.680 0.737 1.327 0.318 3.053 0.002 0.778 

69 1.966 1.764 1.547 0.762 6.099 0.000 0.719 

70 0.968 1.101 1.280 0.277 3.053 0.000 0.458 

71 0.824 0.731 1.220 0.022 3.053 0.001 0.000 

72 1.608 1.114 1.325 0.069 6.099 0.000 0.000 

73 1.696 0.824 1.226 0.011 3.052 0.001 0.000 

74 1.722 1.102 1.299 0.005 6.099 0.000 0.000 

75 2.519 1.337 1.224 0.006 3.052 0.001 0.000 

76 2.609 1.372 1.291 0.008 6.099 0.002 0.000 

77 0.675 0.586 1.370 0.402 3.051 0.001 0.752 

78 0.729 0.806 1.699 1.013 6.099 0.000 0.881 

79 0.000 0.000 1.300 0.000 6.000 0.000 1.000 

80 0.000 0.000 1.200 0.000 3.000 0.000 1.000 

81 0.000 0.000 1.200 0.000 3.000 0.000 1.000 
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Test 
Feeding rate 

(kg/s) 
 Current 

(A) 
 Speed 

(rev/min) 
 Jamming 

severity 

 Mean 
St. 

Dev. 
Mean 

St. 
Dev. 

Mean 
St. 

Dev. 
 

82 0.000 0.000 1.300 0.000 6.000 0.000 1.000 

83 1.950 0.970 1.301 0.010 6.099 0.000 0.000 

84 2.609 1.066 1.237 0.003 3.052 0.001 0.000 

85 2.609 1.066 1.200 0.000 3.000 0.000 1.000 

86 0.000 0.000 1.300 0.000 6.000 0.000 1.000 

87 0.000 0.000 1.200 0.000 3.000 0.000 1.000 

88 0.000 0.000 1.300 0.000 6.000 0.000 1.000 

89 2.747 0.987 1.297 0.007 6.099 0.000 0.000 

90 2.950 1.441 1.235 0.009 3.052 0.001 0.000 

91 0.000 0.000 1.353 0.387 3.053 0.001 0.912 

92 0.000 0.000 1.300 0.000 6.000 0.000 0.958 

93 1.192 0.605 1.408 0.230 6.099 0.000 0.000 

94 2.267 0.927 1.233 0.018 3.052 0.001 0.000 

95 1.755 0.759 1.221 0.009 3.051 0.008 0.000 

96 1.636 1.012 1.344 0.085 6.099 0.000 0.000 

97 0.620 0.777 1.384 0.435 3.053 0.011 0.865 

98 1.280 1.790 1.864 1.203 6.099 0.000 0.917 

99 3.138 1.524 1.221 0.005 3.054 0.000 0.000 

100 3.447 4.675 1.284 0.008 6.099 0.000 0.000 

101 1.725 1.188 1.294 0.019 6.099 0.000 0.000 

102 2.708 1.327 1.221 0.009 3.053 0.000 0.000 

103 0.583 0.663 1.406 0.413 3.053 0.001 0.821 

104 0.758 0.939 1.735 1.055 6.099 0.000 0.845 

105 2.137 1.529 1.288 0.003 6.099 0.000 0.000 

106 3.457 1.626 1.224 0.006 3.052 0.008 0.000 

107 0.639 0.618 1.338 0.370 3.053 0.001 0.819 

108 0.638 0.805 1.804 1.134 6.099 0.000 0.909 

109 3.093 1.286 1.224 0.006 3.053 0.000 0.000 

110 1.980 1.104 1.305 0.025 6.099 0.000 0.000 

111 0.666 0.891 1.361 0.418 3.053 0.001 0.905 

112 0.685 1.068 1.786 1.138 6.099 0.000 0.926 

113 0.779 1.166 1.351 0.399 3.055 0.001 0.814 

114 1.061 0.696 1.783 1.053 6.099 0.000 0.783 

115 2.652 1.364 1.300 0.008 6.099 0.000 0.000 

116 3.367 1.451 1.229 0.005 3.052 0.007 0.000 

117 2.607 1.307 1.226 0.009 3.053 0.005 0.000 

118 2.335 1.363 1.292 0.007 6.099 0.000 0.000 

119 0.729 1.112 1.356 0.388 3.053 0.001 0.823 

120 0.686 0.683 1.815 1.131 6.099 0.000 0.866 

121 4.107 1.541 1.285 0.002 3.053 0.001 0.000 

122 3.528 1.663 1.342 0.002 6.099 0.000 0.000 

123 3.255 1.458 1.282 0.004 3.052 0.001 0.000 
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Test 
Feeding rate 

(kg/s) 
 Current 

(A) 
 Speed 

(rev/min) 
 Jamming 

severity 

 Mean 
St. 

Dev. 
Mean 

St. 
Dev. 

Mean 
St. 

Dev. 
 

124 3.066 1.922 1.282 0.004 3.052 0.001 0.000 

125 1.321 0.781 1.289 0.006 3.051 0.005 0.000 

126 1.647 1.010 1.344 0.003 6.099 0.000 0.000 

127 1.670 0.916 1.285 0.005 3.051 0.000 0.000 

128 1.898 1.168 1.357 0.008 6.099 0.001 0.000 

129 3.021 1.497 1.338 0.001 6.099 0.000 0.000 

130 3.464 1.337 1.282 0.005 3.052 0.000 0.000 

131 3.937 1.597 1.345 0.003 6.098 0.010 0.000 

132 4.134 2.059 1.280 0.009 3.050 0.014 0.000 

133 1.283 0.709 1.269 0.018 3.052 0.001 0.000 

134 1.578 0.860 1.344 0.007 6.099 0.000 0.000 

135 1.402 0.988 1.357 0.040 6.099 0.000 0.000 

136 0.919 0.622 1.314 0.098 3.051 0.001 0.000 

137 4.381 1.945 1.292 0.002 3.052 0.001 0.000 

138 4.381 1.945 1.345 0.003 6.099 0.000 0.000 

139 1.031 0.683 1.287 0.013 3.052 0.001 0.000 

140 1.506 0.777 1.362 0.011 6.099 0.000 0.000 

141 1.673 0.896 1.338 0.005 6.099 0.000 0.000 

142 1.476 0.849 1.281 0.012 3.052 0.001 0.000 

143 3.724 2.107 1.288 0.004 3.052 0.001 0.000 

144 3.508 1.491 1.338 0.005 6.099 0.000 0.000 

 

6.2. Statistical analysis 

6.2.1. Feed rate  

An analysis of variance was completed on the feed rate mean results. 

Statistically significant effects were identified for the teeth configuration, dowel length and setting.  The results are 

summarised graphically in Figure 7.  Examining both main effects and first order interactions, the highest feeding 

rates were obtained under the following conditions: 

• Eight teeth per ring, with every second ring offset by half a tooth, 

• 6 rings (larger pitch), 

• Dowels of 32 mm length, 

• Larger setting. 
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Figure 7 summary of results for the mean of feed rate (mfr). 

Figure 8 presents a summary of the 1st order interactions that the analysis of variance found had significant effect 

on the mean of feed rate.  Similar trends were observed between the mean of feeding rate for the two dowel 

lengths (32 mm, 50 mm) using different teeth configurations.  It is also seen that with higher feeder rolls speed, 

changing teeth configuration caused larger variation in the mean of feed rate.  That is, at lower feeder rolls 

speed, the mean of feed rate is less affected by teeth configuration.  Although a change in feeder roll speed did 

not have a significant effect on the mean of feed rate, for the shorter dowels (32 mm) larger feeding rate was 

obtained at lower speed.  In contrast, higher feeder rolls speed provided a higher feed rate for the longer billets 

(50 mm).  
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Figure 8 summary of significant interactive effects on the mean of feed rate (mfr). 

The feed rate standard deviation is considered to be a better indicator of surging in the shredder.  The analysis of 

variance of the standard deviation results identified that dowel length, setting and speed were the factors with 

statistically significant effects on the standard deviation.  The results are summarised graphically in Figure 9.  The 

lowest standard deviations, corresponding to the lowest likelihood of surging, were obtained with the longer (50 

mm) dowels, smaller setting and lower speed. 

Figure 10 illustrates the interactive effect of feeder rolls pitch and speed on the standard deviation of feed rate. It 

can be seen that at larger pitch (P = 1), higher feeder rolls speed results in a much larger variation in feed rate. 
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Figure 9 summary of results for the standard deviation of feed rate (sdfr). 

 

Figure 10 summary of significant interactive effects on the standard deviation of feed rate (sdfr). 
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6.2.2. Motor current 

Analysis of variance was also performed on the mean of motor current.  A summary of the results is presented in 

Figure 11.  It is observed that the lowest current, corresponding to the lowest torque was achieved by feeding the 

short dowels (32 mm), operating at low speed, using the design configurations with 8 teeth and using the smaller 

pitch (7 rings).  Dowel diameter and feeder rolls setting did not show a significant effect of the mean of current.  

A summary of the statistically significant 1st order interactions between the factors is presented in Figure 12.  

These results show that the high motor current results with the 16 teeth configuration and the larger pitch (P = 1, 

6 rings) were associated with the use of long dowels (50 mm). 

 

Figure 11 summary of results for mean of current (mc). 

The analysis of variance on the standard deviation, summarized in Figure 13, has identified significant effects from 

the motor speed, dowel length, setting, teeth configuration and pitch.  The lower speed (3 r/min), shorter dowels, 

wider setting, eight tooth configuration and smaller pitch resulted in lower variation of motor current.  

The effects of 1st order interactions, presented in Figure 14, are quite similar to those of the mean of motor current.  

The higher variability in motor current due to the 16 teeth configuration and larger pitch were associated with the 

longer dowels. 
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Figure 12 summary of significant interactive effects on the mean of motor current (mc) 

 

Figure 13 summary of results for the standard deviation of current (sdc). 
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FIGURE 14 SUMMARY OF SIGNIFICANT INTERACTIVE EFFECTS ON THE STANDARD DEVIATION OF CURRENT (SDC) 

6.2.3. Jamming severity 

In order to evaluate the effect of various factors on the likelihood of jamming, analysis of variation was conducted 

on the jamming severity parameter (0 ≤ 𝐽𝑆 ≤ 1), estimated by the proportion of billets fed before jamming occurs.  

JS = 1 means that the dowels jammed instantaneously upon the start of feeding, whereas JS = 0 means there 

was no jamming. The results of analysis are graphically summarized in Figure 15.  The lowest likelihood of 

jamming, represented by the lowest jamming severity values, were achieved with the shorter dowels (32 mm), 

larger setting and the design configurations with 8 teeth.  

The significance of effects from 1st order interactions on the jamming severity was also evaluated.  The results 

are graphically summarized in Figure 16.  It was observed that feeding short dowels (32 mm) with different teeth 

configurations has minimal effect on the likelihood of jamming; however, this likelihood varied significantly when 

feeding long dowels.  The results show the poor feeding performance of the 16 teeth configuration only occurred 

with the longer dowels (B).  

Moreover, jamming severity was low at both pitches when using a positive feeder rolls setting.  With the larger 

pitch (P = 1, 6 rings), jamming severity did not change much between zero and negative settings. On the other 

hand, the negative setting substantially increased the jamming severity at the smaller pitch.   
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Figure 15 summary of results for the jamming severity (js).  Js = 1 means the dowels jammed instantaneously upon the start of 
feeding whereas js=0 means there was no jamming.  

 

Figure 16 summary of significant interactive effects on the jamming severity (js). 
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6.2.4. Motor speed 

Analysis of variance was also performed on the motor speed.  The summary of results, illustrated in Figure 17, 

suggest that none of the factors, other than speed, had significant effects on the mean of speed.  This result 

confirms that the experiment controlled speed well and independently of the other factors. 

The standard deviation of speed was analysed for the significant effects from the experimental factors.  The 

results, summarized in Figure 18, show that except for dowel diameter, the effects from all other factors are 

statistically significant, although the variations caused by these factors are not of a large extent. 

 

Figure 17 summary of results for the mean of speed (ms) 
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Figure 18 summary of results of the standard deviation of speed (sds) 
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6.2.5. Summary of results 

The results obtained from the analysis of variance on experimental factors and their 1st order interactions are 

summarized in Table 9. It was determined that the most important factor that causes significant effect on the feed 

rate, jamming severity and motor current is the length of billets. Feeder rolls setting and speed also play an 

important role in the consistency of feeding and power consumption. Amongst the interactive effects of 

experimental factors, the length of dowels and tooth configuration can collectively have significant effects on the 

performance of feeder rolls.  

 

TABLE 9 SUMMARY OF SIGNIFICANT EFFECTS FROM MAIN FACTORS AND 1ST ORDER INTERACTIONS. 

Main effects 

Factor 
Feed rate (kg/s) Jamming Severity  Current (A) 

Mean SD - Mean SD 

Teeth configuration (T) Significant - Significant - - 

Pitch (P) Significant - - - - 

Dowel length (L) Significant Significant Significant Significant Significant 

Dowel diameter (D) - - - - - 

FR setting (W) Significant Significant Significant - - 

Speed (S) - Significant - Significant Significant 

1st order interactions 

L:D - - - - - 

D:W - - - - - 

L:W - - Significant - - 

L:T Significant - Significant Significant Significant 

D:T - - - - - 

W:T - - - - - 

L:P - - - Significant Significant 

D:P - - - - - 

W:P - - Significant - - 

T:S Significant - - - - 

P:S - Significant - - - 

L:S Significant - - - - 

D:S - - - - - 

W:S - - - - - 
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6.3. Feeding theory development and guidelines  

6.3.1. Introductory remarks 

The analysis of results of the experiment has provided some information with which to develop some design 

guidelines to aid in designing and setting shredder feeder rolls.  These guidelines are discussed in this section.  

It is noted that dowel length (corresponding to billet length) is a very significant parameter but it is not one that is 

readily available for adjustment.  The feeder roll design needs to be able to accommodate the range of billet 

lengths that are presented to the factory. 

6.3.2. Ring design 

Number of teeth 

According to Table 9, the interaction between dowel length and tooth geometry has a significant effect on all of 

the parameters that represent feeder rolls performance in this study (feed rate, jamming severity and motor 

current). To investigate these effects in more detail, the ratio between dowel length and a one-dimensional 

design parameter that represents tooth geometry was established as a dimensionless parameter.  For this 

purpose, the open area between two teeth on a ring was divided by tooth outside diameter.  The open area was 

calculated by forming a triangle with the sides of the open area (A1) and subtracting the area that is covered by 

the ring (A2).  This design parameter is 𝑇 = 9.2 mm for the 8 teeth configuration (A & C) and 𝑇 = 4.5 mm for the 

16 teeth design (B). Table 10 lists the obtained 𝐿/𝑇 ratios for two dowel lengths and two teeth configurations.  

 

Figure 19 adopted method to calculate open area for l/t calculation. 

TABLE 10 DIMENSIONLESS RATIO BETWEEN DOWEL LENGTH (L) AND TOOTH DESIGN PARAMETER 
(T). 

L (mm) T (mm) L/T 

32 9.2 (8 teeth) 3.5 

32 4.5 (16 teeth) 7.2 

50 9.2 (8 teeth) 5.4 

50 4.5 (16 teeth) 11.2 

 

The jamming severity was examined on the basis of the obtained 𝐿/𝑇 ratios, as shown in Figure 20. The results 

show that for 𝐿/𝑇 ≤ 3.5 as well as 𝐿/𝑇 = 7.4, the mean of jamming severity was zero (32 mm dowels were fed 

with both 8 teeth designs with minimal interruption to feeding). On the other hand, severe jamming incidents were 

observed at 𝐿/𝑇 ≥ 7.4 highlighting that the 16 teeth design configuration was not suitable for feeding 50 mm 

billets.  For 𝐿/𝑇 = 5.4, which was feeding 50 mm dowels with the two 8 teeth designs, some jamming was 

observed and the mean of jamming severity was 0.17. No firm conclusion can be made about the suitability of 
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this setting for optimal feeding consistency and further analysis is required, particularly on the effects of feeder 

rolls setting and whether every second ring is offset or not.   

 

 

Figure 20 jamming severity with respect to l/t values. 

For a more detailed analysis of the effects of feeder rolls setting and teeth configuration on jamming severity, 2nd 

order interactions of the factors with detected significant 1st order interactions were examined.  Figure 21 presents 

a summary of the 2nd order interactions.   

The plots in the first row of Figure 21 (A & B) show the interactive effects of pitch and feeder rolls setting on 

jamming severity for long and short billets. The results show that no jamming occurred at any of the pitches when 

feeding 32 mm billets.  In contrast, Figure 21A shows that while positive setting caused no major issue with regard 

to jamming, negative setting resulted in an increase in jamming likelihood, particularly for small pitch.  

The second-row plots in Figure 21 present the 2nd order interaction effects of tooth configuration and setting on 

jamming severity for long and short billets.  Similar to the interactive effects of pitch and setting, feeding short 

dowels with any of the tooth configurations did not result in jamming, regardless of utilized feeder rolls setting. 

Figure 21C shows that while feeding long dowels with tooth configuration C (8 teeth, every second ring half a tooth 

offset) resulted in no major jamming issues, zero and negative setting substantially increased jamming likelihood 

for tooth configuration A (8 teeth, aligned between rows). Tooth configuration B had a poor performance in 

feeding long dowels with any feeder rolls setting.  

The third-row plots in Figure 21 show the interactive effects of tooth configuration and setting on jamming severity 

for short and long pitches.  These plots show that tooth configuration C, provided a good feeding performance in 

terms of jamming prevention, particularly when negative setting is not used along with the long pitch.  The 16 

teeth configuration caused major jamming issues with minimal effect from setting and pitch.  

Assuming the 𝐿/𝑇 ratio to be a useful design parameter, an 𝐿/𝑇 ratio less than 4 is desirable, for the selection of 

number of teeth.  The design with every second tooth offset reduces the likelihood of jamming. 
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Figure 21 summary of 2nd order interaction effects on jamming severity.  

Tooth shape  

During commissioning of the apparatus before the experiment, dowels were fed by feeder rolls with 16 teeth per 

ring (configuration B); however, severe jamming was observed for most of the dowel sizes, feeder roll settings 

and speeds.  The ring shown in Figure 22a was used in these tests and Figure 23 illustrates the jamming situation 

where dowels are caught between the back edge of the tooth and the leading edge of the following tooth. It was 

decided that an improvement in ring design was necessary to avoid jamming.  The changes made to the design 

included increasing the radius between adjacent teeth to prevent billets being pinched at the tooth root and also 

to allow more space for the billets passing the nip. Figure 22b presents a visual comparison of the old ring and the 

new design which significantly reduced jamming severity.  It should be noted that the data corresponding to the 

16 teeth configuration are from the test conducted with the new ring design.  
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a b 

Figure 22 comparison of two designs used in the experiment. A) the design that resulted in severe jamming in most of test 
condition and dowel sizes b) updated design with amended tooth radius compared to the old design 

As a design criterion, it is recommended that the radius at the root of the teeth should be larger than the largest 

billet diameter. 

  
a b 

Figure 23 illustration of jamming situation. A) view from the bottom of the feeder rolls chute showing dowels pinched by the 
tooth small angle b) side view of the feeder rolls chute 

6.3.3. Ring positioning 

Ring pitch  

As shown in Table 9, dowel length has a significant effect on feeding consistency (both the mean and standard 

deviation of feed rate) and pitch is also found to be an important factor affecting the mean feed rate. These 

relationships were also visually observed during the testing where in some of the tests dowels inconsistently fell 

through the chute and feeder rolls without much metering effect. A dimensionless parameter between dowel 

length and pitch (𝐿/𝑃) was established to enable the determination of pitch that yields the most consistent 

New design  

(improved root radius) 

Old design 
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feeding of a certain dowel length. Table 11 lists the four ratios calculated based on the two dowel lengths and two 

pitches tested in the experiment. 

TABLE 11 DIMENSIONLESS RATIO BETWEEN DOWEL LENGTH (L) AND PITCH (P) 

L (mm) P (mm) L/P 

32 60.0 0.53 

32 45.5 0.70 

50 60.0 0.83 

50 45.5 1.10 

 

The standard deviation of feed rate was plotted as a function of the obtained ratio, as shown in Figure 24. The 

results show that the minimum variation in feed rate is associated with using small pitch (7 rings) with long 

dowels (50 mm).  

 

Figure 24 feed rate standard deviation with respect to l/p values. 

A linear regression model has been developed for the feed rate standard deviation based on different values of 

𝐿/𝑃. This model is presented in Figure 25 and suggests a significant increase in feeding consistency by feeding 

dowels of a particular length with smaller pitch on the feeder rolls. However, careful attention must be paid to 

other important parameters including jamming likelihood and the power consumption of the feeder rolls, if that is 

a concern for the asset operators.  For instance, the standard deviation of motor current is plotted for different 

𝐿/𝑃 values in Figure 26.  The results in Figure 26 show that the largest variation in motor current is associated with 

𝐿/𝑃 ratios of 0.83 and 1.1, respectively, which provide the lowest variation in feed rate (Figure 25). 

To evaluate the expected level of feed rate standard deviation for the operations in industry, the 𝐿/𝑃 ratio was 

calculated for each factory that participated in the survey and where information was available. For these 

calculations, the average length of billets is considered as 168 mm, as suggested by Larsen et al. (2017). The 

study by Larsen et al. (2017) included analysis of billet length in the Burdekin, Herbert, Proserpine and Plane 

Creek. It was found that the 𝐿/𝑃 ratio is above 0.7 for most of the factories. This ratio is 0.58 for the feeder rolls 

of one factory where there has been reports of ongoing surging in their shredders.  
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Figure 25 feeding consistency model based on l/p ratio. 
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Figure 26 motor current standard deviation with respect to l/p values. 

Ring offset 

There are advantages in having every second ring offset by half a tooth. 

The mean of feed rate was higher with the half tooth offset than without for the eight teeth configurations (Figure 

7).  As a result, feeder rolls with this ring configuration can operate at lower speed which has been shown to 

result in more consistent feeding (Figure 9).  This configuration has also been shown to provide more consistent 

feeding irrespective of the feeder speed (Figure 9).  Another advantage of this configuration is more consistent 

feeder torque (Figure 13) which will be beneficial for feeder drive life.  Figure 15 shows that the half tooth offset 

reduces the jamming severity.  In summary, none of the examined parameters performed worse with the tooth 

offset than without it. 

6.3.4. Settings 

Nip setting 

Consistent with conventional milling theory, increasing the nip setting increases the feed rate (Figure 7).  Care 

needs to be taken not to allow this setting to become too wide, since it also increases the variability in feed rate 

(Figure 9).  Wider settings do have the advantage of lower feeder roll motor current (Figure 13) and lower variability 

in motor current (Figure 15). 

Chute setting 

As summarized in Table 9 and also observed in Figure 10, feeder rolls speed has a significant effect on the 

standard deviation of feed rate, assumed to relate to the likelihood of surging in shredders. To reduce the 

adverse effect of speed, it is better to operate feeder rolls at low speed; however, lower speed might adversely 

affect feeding performance if the cane is compacted excessively and juice is extracted. In this section, a theory is 

developed to determine setting guidelines that assist in minimizing feeder rolls speed, while minimising the 

likelihood of juice extraction during feeding. This theory is an update to the two-roll mill theory developed by 

Murry (1960) and later reported by Kent (2003).  

The theory is developed based on cane bulk density, 𝜌, in the nip between the feeder rolls given by Eq. 1: 
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𝜌 =

𝑄𝐶

𝑉𝐸,𝑛
, 

 

(1) 

 

where, 𝑄𝐶 is the cane mass flow rate and, 𝑉𝐸,𝑛 is the escribed volume at the nip, given by Eq. 2:  

 

 
𝑉𝐸,𝑛 =  𝐿 𝑊 𝑆. 

(2) 

 

where  𝐿 is the length of rolls, 𝑊is the work opening between the two rolls and 𝑆 is the surface speed of the rolls. 

The basic concept of this theory is to keep the bulk density less than the billet density (𝜌𝐶, about 1130 kg/m3) to 

minimise the likelihood of juice expression. 

A similar equation can be written to describe the bulk density of the cane billets in the feed chute above the 

feeder rolls (𝜌𝛼): 

 
𝜌𝛼 =

𝑄𝐶

𝑉𝐸,𝛼
, 

 

(3) 

where, 𝑉𝐸,𝛼 is the escribed volume at the chute exit, given by Eq. 4: 

 

𝑉𝐸,𝛼 =  𝐿 ℎ 𝑆 𝐶𝑜𝑠 (𝛼), 

  𝐶𝑜𝑠 (𝛼) =  
𝐷+𝑊−ℎ

𝐷
        

(4) 

In Eq. 4, ℎ is the chute setting, 𝛼 is the contact angle between the chute and the rolls and 𝐷 is the roll diameter. 

The bulk density of billets in the feed chute is likely to be about 400 kg/m3. 

Now, by rearranging equations 1 and 3 to provide expressions for cane rate, equating them, and substituting Eqs. 

2 and 4 into the result:  

 𝜌𝛼  𝐿 ℎ 𝑆 
𝐷 + 𝑊 − ℎ

𝐷
= 𝜌 𝐿 𝑊 𝑆 (5) 

Hence by simplification:  

 

 𝜌𝛼  ℎ  
𝐷 + 𝑊 − ℎ

𝐷
=  𝜌 𝑊 (6) 

 

 
𝜌𝛼  ℎ( 𝐷 + 𝑊 − ℎ) = 𝜌 𝑊 𝐷 

(7) 

It is important to note that Eq. 7 has been developed for rollers without teeth.  An attempt has been made to 

update this equation by determining the equivalent work opening due to the presence of toothed rings on the 

rolls.  This update has been performed by including a reduction factor (𝑓𝑟) in the work opening (𝑊). That is, 

equivalent opening for toothed feeder rolls, 𝑊′, is calculated by: 

 

 
𝑊′ = 𝑊 − 𝑓𝑟  𝑊 

(8) 

 

In order to maintain the distance between the centre of two rollers constant, the amount of reduction in opening 

must be added to feeder roll diameter.  That is,  
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𝐷′ = 𝐷 + 𝑓𝑟  𝑊 

(9) 

 

Hence, Eq. 8 is updated with revised feeder rolls work opening and diameter to account for the presence of 

toothed rings:   

 
𝜌𝛼  ℎ( 𝐷′ + 𝑊′ − ℎ) = 𝜌 𝑊′𝐷′  

(10) 

 

By substituting Eq. 8 and 9 into Eq. 10, and rearranging:  

 

 ℎ2 − ℎ( 𝐷 + 𝑊) + (
𝜌

𝜌𝛼
⁄ )(𝑊 − 𝑓𝑟  𝑊) (𝐷 + 𝑓𝑟  𝑊) = 0 (11) 

 

Eq. 10 was used to calculate the chute setting that prevents juice extraction while minimizing feeder rolls speed. 

The calculation was performed for the minimum setting (-10 mm ), zero setting and maximum setting (10 mm) 

and showed that regardless of the feeder rolls setting, there is no chance of juice extraction given the set up that 

was used in this experiment at Tableland. This led to a thinking that it may be better to assess the contact angle, 

𝛼, as a measure of feeding performance. The contact angle was computed for the range of minimum, zero and 

maximum setting, as listed in Table 12. 
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TABLE 12 CALCULATED CONTACT ANGLE FOR MINIMUM, MAXIMUM AND ZERO SETTING.  

 
D’ (mm) W’ (mm) H (mm) 𝜶 

Max setting 234 150 220 45 ֯ 

Zero setting 232 136 220 50 ֯ 

Min setting 231 127 220 53 ֯ 

 

It is also found, from the conducted survey on feeder rolls geometry, that the contact angle of feeder rolls in few 

of the Australian mills is smaller than 45 ֯. Some of the mills, however, have adopted larger contact angles 𝛼 ≥

 45°. In the discussions with these factories, two have confirmed to be dealing with ongoing surging issues in their 

shredders, including Tableland mill with 𝛼 = 49.8°. There is also a report of substantially high wear on the feeder 

rolls of one mill with a contact angle  of 𝛼 =  48.9°. The reduction of feeder rolls lifespan (reported to be 30% of 

the average life) may be an indication of the need to reduce the contact angle. 

6.4. Proposed changes to Tableland shredder 

Following the analysis of the experimental results and the subsequent development of design guidelines, options 

to modify the Tableland feeder roll assembly have been considered, with an aim to minimize shredder surging.  

As the first attempt to deal with the surging issue, Tableland will consider reducing their feed chute setting during 

the current season (2020).  This trial will be an investigation of whether the existing large contact angle has a 

major contribution to surging.  Using a reduction factor (𝑓𝑟) of 0.08 (section 6.3.4, the Tableland shredder 

currently has a contact angle of 52°.  That contact angle could be reduced to 45° by reducing the chute setting 

from 776 mm to 730 mm. 

Most of the other changes based on the guidelines will require the feeder rolls to be rebuilt.  Such an exercise is 

likely to happen in the next couple of years. 

Tableland is the only Australian Sugar factory with 16 teeth on their feeder rolls.  It is unlikely that Tableland will 

reduce the number of teeth, since from experience the 16 teeth design provides a better feeding consistency and 

in turn lower surging.  This experience is consistent with what the results of this research suggest (Figure 9).   

The existing feeder rolls at Tableland have a progressive offset of the rings along their length.  This arrangement 

has been made to improve the metering effect by preventing cane from falling between the rolls.  As suggested in 

section 6.3.3, a change in the configuration of the feeder rolls by introducing a half-tooth offset on every second 

ring is proposed.  

As explained in section 6.3.2, a small radius between the adjacent teeth is likely to be one of the major causes of 

jamming with the 16 teeth configuration. The teeth design will be modified by increasing the radius which will also 

increase the open area between the teeth. 

Consideration is being given to adding another ring on each of the rolls (operating with 8 rings, as compared to 7 

rings which the existing feeder rolls have), or, in other words, reducing the pitch and increasing the 𝐿/𝑃 ratio. This 

change is expected to further reduce the variation in feed rate (Figure 24).  

6.5. Shredder feeding 

It was noted in section 5.1 that this investigation focussed on ensuring a consistent flow of billets out of the 

shredder feed rolls and did not consider the other possible cause of surging, being a feeding issue of the 

shredder itself.  Wilmar Sugar has been investigating this alternative cause by trialling flat shredder hammer tips 

in their shredders utilising white iron tips, instead of the alternative butterfly design.  They have reported positive 

results and observed better feeding and higher shredder power consumption.  This alternative cause of surging 

deserves further investigation. 

7. CONCLUSIONS 

A split-split-plot factorial experiment was conducted to explore the effect of the feeder roll geometry (number of 

teeth per ring of teeth and pitch between rings), setting, billet size (length and diameter) and roll speed.  The 

main outputs of the experiment were feeding rate (best indicator of surging), feeder roll motor current (best 

indicator of feeder roll power consumption) and jamming severity (a parameter linked to stalling of the roll 

motors).  The experiment was conducted as a collaboration between MSF Sugar staff and QUT staff. 

The experiment found that higher rates were obtained with less teeth spaced further apart, a larger setting and 

smaller billets.  The conditions found to reduce surging were smaller setting, lower speed and longer billets.  
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Feeder roll power consumption was minimised using shorter billets, lower speed, eight teeth per ring and smaller 

pitch between rings.  The motor current was more consistent under these same conditions and also with wider 

setting.  The likelihood of jamming was minimised with shorter billets, eight teeth per ring and wider setting. 

The industry survey and experimental results were used to develop design guidelines for shredder feed roll 

installations.  The arrangement least likely to cause jamming was the eight teeth per ring design, with every 

second ring offset by half a tooth.  A criterion based on the ratio between billet length and space between the 

teeth was constructed.  The radius at the root of the teeth was also of interest in reducing jamming, with a need 

for the radius to be greater than the billet diameter.  The pitch between rings was determined as an important 

parameter in reducing surging.  A ratio of billet length to pitch was used as a design criterion.  Although not 

evaluated experimentally, the contact angle between the feed chute and the feeder rolls may have significance.  

Those designs with contact angles over 45° were reported to either have surging issues or excessive tooth wear, 

that may be related to slip at the entry to the feeder roll nip region. 

Another potential avenue to reducing surging may be in using flat shredder hammer tips rather than butterfly 

design tips, for which trials have shown improved feeding and higher power consumption (linked to better 

preparation).  This avenue deserves further investigation. 

As a result of this work, Tableland intends to modify the design of their feeder rolls by: 

• Reducing the chute setting. 

• Rebuilding the feeder rolls, to include an extra ring of teeth (smaller pitch), offsetting every second ring by 

half a tooth and modifying the tooth design to include a larger root radius and larger open area. 

8. RECOMMENDATIONS FOR FURTHER RD&A 

Having completed the experiment on the small scale feeder rolls and analysed the results, further questions have 

been identified for which further experimentation would be beneficial.  The three main parameters of interest are 

dowel length, ring design, ring pitch and chute setting.  It is recommended that dowel lengths of 40 mm, 50 mm 

and 60 mm be tested.  Three ring designs with a different radius at the root of the teeth and a different open area 

would be enlightening, all with 16 teeth per ring.  A smaller pitch by including one additional ring of teeth would 

also provide useful information. 

Field testing of the Tableland shredder, before and after the proposed feeder roll modifications is an important 

next step.  All tests so far have been done with dowels.  Tests using cane billets including the range of billet sizes 

and the presence of extraneous matter are important to validate the experimental results. 

There may be an opportunity to compare the Tableland shredder with its 16 teeth per ring to the Mulgrave 

shredder with 8 teeth per ring.  Both shredders have reported surging problems.  It would be interesting to apply 

the same design guidelines to address the Mulgrave surging problem. 

9. PUBLICATIONS 

At the time of writing, no publications have been produced. 
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12. APPENDIX 

12.1. Appendix 1 METADATA DISCLOSURE 

TABLE 13 METADATA DISCLOSURE 1 

Data  Results of the experiment 

Stored Location  Microsoft OneDrive 

Access  

 

Access is restricted to project investigators. 

Contact  

 

Ehsan Arzaghi (QUT) 

 

 


